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THE POTOMAC INSTITUTE FOR POLICY STUDIES  
   
Our Mission 
 
The Potomac Institute for Policy Studies is an independent, 501(c)(3), not-for-profit public policy 
research institute. The Institute identifies and aggressively shepherds discussion on key science 
and technology issues facing our society, providing in particular, an academic forum for the study 
of related policy issues. From these discussions and forums, we develop meaningful science and 
technology policy options and ensure their implementation at the intersection of business and 
government. The Institute’s current endeavors have required the formation of special efforts in:  
 
• Terrorism and asymmetry  
• Emerging threats and opportunities  
• National health policies  
• Science and technology forecasting  
• National security  
   
Our Philosophy 
 
The worthy and difficult functions stated in our mission can be met only through a consistent and 
continuing regard for two basic principles. First, we fiercely maintain objectivity and credibility, 
remaining independent of any federal or state agency, and owing no special allegiance to any 
single political party or private concern. This dedication to fierce objectivity is evident in our motto, 
Integrum Se Servare. We make every attempt to ensure that our work is conducted in an unbiased 
manner, regardless of the opinions of sponsors or even self-interest. This often enables fruitful 
inquiries into issues that might otherwise be difficult to assess. 
 
Second, we seek extensive collaboration with similar organizations, as well as with industry, 
academia, and government, and we work closely with Congress and the Executive Branch. We 
believe that the study of today’s complex issues demands a wide variety of contributions from 
various perspectives, each of which add to the needed holistic understanding. But, even if the 
Institute possessed that understanding, a collaborative approach would be necessary. This is 
because, by their nature, solutions and strategies to solve significant problems at the national and 
international level are disruptive, tend to consume large resources, and challenge existing 
organizational structure and established jurisdiction. All of this results in difficulty in implementing 
recommendations, which otherwise profit from achieved consensus. For these reasons, Institute 
work typically involves experts in a variety of disciplines and includes leaders from business, 
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PREFACE 
      
 
The National Aeronautics and Space Administration (NASA) is currently undergoing 
major changes based upon the new vision, “A Renewed Spirit of Discovery,” as 
established by the President of the United States, George W. Bush, on January 14, 2004. 
Its goals and objectives are to advance the U.S. scientific, security, and economic 
interests through a robust space exploration program. To support these goals, the U.S. 
and NASA will implement plans to return to the Moon by 2020, and to prepare for 
human exploration of Mars and beyond. The new vision and goals have inspired NASA 
to realign itself and to add a new Space Exploration Enterprise to its existing 
organizational structure. The activities under the Computing, Information and 
Communications Technologies (CICT) Program, formally within the Aerospace 
Technology Enterprise, now fall within this newly created Space Exploration Enterprise. 
With the announcement of the President’s new plan and this subsequent organizational 
change, there is an interest in re-evaluating the fundamental computing, information, and 
communications requirements in support of NASA’s implementation of the Moon 
mission, with the additional goal of reaching Mars in a staged fashion. 
 
To help aid the CICT program as it merges into the new NASA structure, the program 
sponsored this study conducted by the Potomac Institute for Policy Studies. The goal of 
this study has been to perform a blank slate review of the CICT capabilities NASA 
requires to return to the Moon and eventually to Mars. The details of the process are 
specified in the Introduction of this report. 
 
A committee appointed by the Potomac Institute conducted this study (see Appendix A). 
Many of the members of this committee served on a prior review of the NASA CICT 
Program that generated a report on behalf of the National Research Council (NRC) 
entitled “An Assessment of NASA’s Pioneering Revolutionary Technology Program”1. 
The responsibilities of the current committee, however, fall strictly under the purview of 
the Potomac Institute for Policy Studies and the National Research Council has no 
connection with this current initiative.  
 
The statement of work for this effort can be found in Appendix B, and was the governing 
document for the committee. 
 
This report has been reviewed by internal Potomac staff chosen for their technical 
expertise. The purpose of this independent review was to provide candid and critical 
feedback that will assist the authors and the Potomac Institute with making the final 
report as sound as possible, and to ensure that the report meets Potomac standards for 
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1 An Assessment of NASA’s Pioneering Revolutionary Technology Program, Committee for the Review of NASA’s 
Pioneering Revolutionary Technology (PRT) Program, Aeronautics and Space Engineering Board, Division on 
Engineering and Physical Sciences, National Research Council, National Academy Press, Washington, D.C., October 
2003. 
being “fiercely objective,” and for being responsive to the statement of work and to the 
needs of NASA. The internal assessments and all draft manuscripts remain confidential 
to protect the independent nature of this study. Ultimately, the responsibility for the final 
content of this report rests solely with the authoring committee and with the Potomac 
Institute for Policy Studies. 
 
The committee also wishes to thank those who supported this study, especially those 
NASA personnel who took the time to participate in committee meetings. Further, we 







Michael Zyda, Chair 
NASA Computing and Communications  












The Potomac Institute for Policy Studies formed the National Aeronautics and Space 
Administration (NASA) Computing and Communications Technology Advisory Group 
to advise the Computing, Information, and Communications Technology (CICT) program 
in NASA in response to their request for aid in transitioning to the newly-formed NASA 
Office of Exploration Systems. Committee members (Appendix A) were selected on the 
basis of individual expertise and with respect to a balance of other factors such as area of 
expertise and professional background (government, industry, and academia). 
 
The committee first met on July 20-21, 2004 at NASA Ames Research Center in 
Sunnyvale, California. At the meeting, the CICT management presented the status of the 
CICT program and the mandate for change within CICT to meet the new goals of the 
Office of Space Exploration. During the first meeting, the committee formulated its 
response to the Statement of Work (Appendix B), formed subgroups to work on different 
technology areas, established the basic premises for this initiative, and created the rough 
drafts for this report. The initial draft of the report was subsequently completed over the 
course of the next two months after deliberations, both internal and external, and through 
numerous teleconferences. The interim draft of this report was delivered approximately 
one week prior to the second meeting of the full committee on November 3-4, 2004, also 
held at NASA Ames. At that meeting and subsequent to it, the committee updated certain 
sections of the report, such as Data and Communications Security in Chapter 2, 
Simulation in Chapter 3, and Data Analysis and Knowledge Discovery in Chapter 5. The 
committee also completed two remaining major sections in the report, Chapter 7, which 
discusses the methodology for maintaining and refreshing a technology investment 
portfolio, and Appendix C, which addresses the role of nanotechnology in the new NASA 
culture. The committee chose to place its report on nanotechnology as a standalone 
appendix because a) the appendix goes into much more detail than other topics in the 
report and b) nanotechnology is a significant part of the CICT program portfolio yet is 




A BLANK SLATE APPROACH 
 
While this study is sponsored by and created for the CICT program, the committee 
acknowledges that the CICT program is being absorbed by the new Human and Robotics 
Technology (H&RT) program under the Office of Exploration Systems. CICT tasked the 
committee with developing a top-level technology investment portfolio given the limited 
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 study in early to mid-Summer 2004. The committee was tasked with the same mandate as 
the CICT program: to develop a recommendation for a technology investment portfolio.  
 
Given this directive, the committee started by bringing to the newly formed program the 
top-level goals as specified by Rear Admiral Craig E. Steidle (Ret.), the Associate 
Administrator for the Office of Exploration Systems. These goals, as presented by 
Admiral Steidle in his program overview dated July 15, 2004, are: 
 
1. Return the Shuttle to safe flight as soon as practical, based on the Columbia 
Accident Investigation Board (CAIB) recommendations 
2. Use Shuttle to complete ISS assembly 
3. Retire the Shuttle after assembly complete (2010 target) 
4. Focus ISS research to support exploration goals; understanding space 
environment and countermeasures 
5. Meet foreign commitments 
6. Undertake lunar exploration to support sustained human and robotic exploration 
of Mars and beyond 
7. Series of robotic missions to Moon by 2008 to prepare for human exploration 
8. Expedition to lunar surface as early as 2015 but no later than 2020 
9. Use lunar activities to further science, and test approaches (including lunar 
resources) for exploration to Mars & beyond 
10. Conduct robotic exploration of Mars to prepare for future expedition 
11. Conduct robotic exploration across solar system to search for life, understand 
history of universe, search for resources 
12. Conduct advanced telescope searches for habitable environments around other 
stars 
13. Demonstrate power, propulsion, life support capabilities for long duration, more 
distant human and robotic missions 
14. Conduct human expeditions to Mars after acquiring adequate knowledge and 
capability demonstrations 
15. Develop a new Crew Exploration Vehicle; flight test before end of decade; 
human exploration capability by 2014 
16. Separate cargo from crew as soon as practical to support ISS; acquire crew 
transport to ISS after Shuttle retirement 
17. Pursue international participation 
18. Pursue commercial opportunity for transportation and other services 
 
Source: Exploration Systems Program Overview, Rear Admiral Craig E. Steidle (Ret.), Office of 
Exploration Systems. July 15, 2004. 
 
From these top-level goals, the committee identified a broad set of capabilities required to 
meet these goals, and grouped them into the following broad categories: 
 
• Reconfigurable autonomous robots; 
• Communications; 
• System design, operation, and maintenance; 
• Managing and analyzing massive complex datasets; 
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 This report is structured to reflect these categories with chapters 2 through 6 
corresponding to the bulleted list here. Within these chapters, the committee has 
identified the needed capabilities for that given category as related to the top-level goals 
identified by Admiral Steidle. Finally, each chapter details specific technologies that 
pertain to the required capabilities. The committee’s intent is that each technology 
outlined in this report remains linked to the top-level goals of the Office of Exploration 
Systems as presented by Admiral Steidle and listed above. 
 
Chapter 7 is distinctive from the other chapters in that it provides an overview philosophy 
for managing technology portfolios and addresses a specific requirement from the 





In order to conduct the blank slate approach previously described, the committee had to 
make certain assumptions about specifics for a mission to the Moon and beyond to Mars, 
such as mission logistics, costs, and objectives; these assumptions have heavily 
influenced the commentary in the following chapters. The committee understands that 
some flaws may be inherent in these assumptions but the scope of the study effort 
required certain bounds be placed on the problem. 
 
The committee emphasizes that the following are assumptions about future missions, not 
conclusions or recommendations. 
  
1) The mission to the Moon will be more difficult than Apollo because the 
technology used in the Moon mission must have easily expandable capabilities as 
to apply more broadly to Mars and to future solar system exploration. This 
certainly does not imply that lessons cannot be learned from the Apollo 
experience, especially with regard to operations in the Lunar environment. 
 
2) Robotic Moon precursor missions will prepare for eventual human habitation of 
the Moon. Specifically, the purpose of robotic precursor missions will be to 
examine the Moon for possible in-situ resource utilization (ISRU) and will also 
serve as a technology demonstration for mobility and construction techniques. 
Additionally, the missions will deploy functional robots to pre-position both 
facilities and supplies for human habitation of the Moon. 
 
3) Current launch capability - and the information technology (IT) and 
communications technology needed to launch a Moon or Mars mission - is 
sufficient. Therefore, the committee has not specifically addressed IT or 
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 4) Lunar operations will be much less dependent on ground control than current 
space activities and past Apollo missions. In past missions, from Apollo to the 
Space Shuttle, the number of ground-based mission support personnel has 
decreased and will continue to diminish. The mission to the Moon, in order to 
replicate the anticipated experiences on Mars, will require that a small number of 
humans in space have complete control. They will operate and interact with 
thousands of computing systems, many of which will be mobile. This also implies 
the existence of much more efficient ground control operations from past space 
exploration missions, including the areas of scheduling, planning, and knowledge 
capture. 
 
5) In terms of sensitivity to NASA investment, the committee assumed an 
investment of $20M per year for 5 years. “Impact,” as referenced here, means the 
ability to take generic technologies and to make meaningful improvements to 
meet NASA needs. 
 
6) Radiation hardening for electronic components is assumed to be mature and will 
naturally be addressed in the course of preparing for space missions. Therefore, 




A PARADIGM SHIFT IN NASA SCIENCE AND TECHNOLOGY CULTURE 
 
One theme in this report warrants a preamble: What should be the basic research portfolio 
for NASA, and how will this portfolio characterize those aspects of basic research of 
greatest concern to NASA?  The committee chose to first define basic research as 
creating new knowledge essential to the NASA mission. From discussions with NASA 
personnel and from the manner in which the new Human and Robotics Technology’s 
(H&RT) broad agency announcement proceeded at the time of this report’s writing, the 
committee has observed that at least this area of NASA has chosen a route that orients 
heavily, if not entirely, towards application development with little emphasis on basic 
research. Recent policy changes from a focus on basic research to more short-term 
applied efforts is understandable, but the committee believes this policy is not in the best 
long-term interest of NASA and its missions.  
 
The development cycle for NASA initiatives is lengthy. Missions have to be planned and 
designed well in advance of launch dates. In addition, NASA and commercial satellite- 
based organizations have learned the need for a conservative approach with respect to the 
introduction of new technology into space. History is replete with satellites that have 
failed due to the premature use of new technology. This conservatism, long project 
duration, the uncertainty of reward from basic research, and perhaps budget issues, 
dictate this pragmatic decision to deemphasize basic research in favor of more mission-
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 to dominate, no basic research program will exist in NASA’s future. Similarly, for other 
agencies such as the Department of Defense (DOD) and Department of Energy (DOE), 
basic research programs would also be eliminated. Such program elimination would leave 
just one or two sources of federally-funded basic research: the National Science 
Foundation (NSF), and the National Institutes of Health (NIH). This outcome would be 
detrimental to the generation of new ideas and would represent a "head in the sand" 
approach to each agency’s responsibility for looking to the future as well as for solving 
present-day problems. Another problem generated by this approach is that new personnel 
would not be trained in areas essential to the NASA mission, except by accident. 
 
While the strong mission-driven approach stimulated by the President's vision may 
invigorate NASA and the nation with new and challenging space exploration goals, the 
implementation of that vision needs to be reviewed periodically. The shift in some NASA 
research efforts from basic research to short-term applied efforts has created a new 
paradigm, one which focuses on application development for specific missions, creating 
special challenges for NASA and specifically for the CICT program. As CICT evolves 
and integrates into the new NASA initiative, the committee recommends proceeding 
carefully. The CICT program has, in the past, been heavily oriented towards basic 
research. Now the program portfolio must be shifted to a purely – or nearly so – applied 
program. Transitioning the CICT program to the new mission-driven NASA, maintaining 
the capability to refresh the technology investment portfolio, and maintaining some 
balance of the required basic research will be challenging tasks. 
 
The committee believes strongly in the long-term value of basic research. The funders of 
such efforts must be patient; basic research needs to be a long-term commitment. Perhaps 
more importantly, to improve the effectiveness of their basic research programs, NASA 
needs to establish an improved process for quickly transferring the results of promising 
basic research into space-qualified technology. To do so would require a research 
program at the leading edge of selected research areas, with levels of effort in these areas 
above a critical threshold. An example of such research is on nanotechnology-based 
sensors specific to NASA applications. Additionally, researchers must be rewarded with 
salaries, facilities, and support personnel commensurate with that found in the civilian 
community. The process for selecting an overall portfolio is discussed in more detail in 











RECONFIGURABLE AUTONOMOUS ROBOTS  
 
 
The committee has made the assumption that some form of robotic, autonomous systems 
will be used in a mission to Moon, in successive missions to Mars, as well as in other 
solar system exploration. Specifically, the committee believes that robotics can be 
broadly defined as: Autonomous systems that will perform many functions on behalf of 
and in cooperation with humans to enable certain aspects of exploration. In a general 
sense, the committee anticipates that autonomous systems, instantiated in the traditional 
form of robots as self-propelled mobile units, fixed-base manipulators, or as fixed 
computing entities, will perform numerous tasks. Even spacecraft contain aspects of 
robotics that warrant attention to the technologies in this chapter. Many of those tasks 
may be critical for crew survival. For instance, while seemingly not a critical requirement 
for mission success, floating robots operating in a low-gravity environment on the Moon 
could serve as autonomous astronaut assistants or in the same capacity as worker bees in 
a hive that can remain dormant without resource requirements (e.g. power, heat, etc) until 
needed. Such automated functions to assist crewmembers in daily tasks may, in fact, be 
critical for a small crew to conduct the myriad of tasks required for a safe mission. The 
committee advises NASA to carefully weigh the mission trade space relative to the 
advantages gained from autonomous systems. In addition, other autonomous functions 
will be critical for mission success, such as precision landing and navigation. Some of 
these capabilities are in advanced stages of development while others will require a great 
deal of basic research to reach the capability level that is needed by NASA to carry out its 
mission under the assumptions presented in Chapter 1. 
 
The robots envisioned for the Moon and Mars will be autonomous, teleoperated (from 
Earth or elsewhere), or will be some combination of both. The committee emphasizes 
that NASA should design all robotic systems so that the technology developed for the 
Moon is also applicable for Mars or at least has direct relevance thereto. The two 
environments on the Moon and Mars are very different from an environmental and 
physical standpoint in many respects (e.g. gravity) but there are also many similarities 
(e.g. dust and temperature extremes). Systems can be designed, for instance, in a modular 
or adaptable manner that allows for updates or modifications based on changing physical 
environments.  
 
NASA might develop an assembly system to operate on the Moon by being teleoperated 
from Earth. This could conceivably be achieved by a joystick type of operation from 
Earth that takes into account the few seconds lag in time that it takes for a command to 
travel from Earth to the Moon. However, such a system will certainly not be usable on 
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 the location of Mars in its orbit relative to Earth). In this example, NASA should take the 
more difficult route and design a construction system that operates autonomously on the 
Moon – even though not essential – or envision teleoperation from Mars orbit to prepare 
habitats prior to landing on the Mars surface. Purposefully choosing the more difficult 
mission on the Moon will allow NASA to use the Moon mission as not only a destination 
and mission in and of itself, but also as a technology test bed for future exploration. 
 
Finally, while the technical challenges and promises of robotics are both great, there is 
also a need to address the fundamental social ramifications of robotics technology. This is 
not an area NASA is normally attuned to. However, the extensive use of robotics in close 
proximity to humans and as an integral link in our emerging social structure, indicates a 
need for more exploration of the social, legal, ethical, and policy implications 
surrounding the use of robotics. One recurrent theme throughout this report is NASA’s 
need to assess its reliance on autonomous systems and determine at what level reliability 





Robots as described above must possess certain capabilities to meet mission needs both 
for the Moon and beyond. The committee has concentrated on those capabilities that 
would allow robots to address a broad set of mission requirements. At a minimum, robots 
and/or autonomous systems should be able to: 
 
• Create a map of the environment; 
• Prepare a site for human occupation / habitation; 
• Navigate and determine their position: 
o between Earth and the Moon, and/or Mars, 
o for a surface landing, 
o on the surface of the Moon and Mars,  
o around and inside a spacecraft; 
• Sense and then analyze the environment; 
• Be robust and have the ability to assist in diagnosis and perform needed self-
repair; 
• Operate safely in close physical proximity to humans;  
• Operate in microgravity conditions; 
• Cooperate and coordinate tasks with and among other robots; 
• Adapt to changing conditions and environments; 
• Reconfigure to provide a broad set of robotic capabilities that anticipates as many 
application needs as possible; 
• Monitor the status of a mission;  
• Conduct routine maintenance; 
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 • Position massive payloads in a large workspace efficiently and precisely; 
• Communicate effectively with humans and accept task definitions and 





The committee has identified a broad suite of technologies below that will enable the 
capabilities defined above. NASA and additional research entities are developing some of 
these technologies while others may require further research and development. 
 
Sensing and Interpreting the Robot’s Environment 
 
In order to operate autonomously in an unstructured environment, a robot must interpret, 
interact with, and manipulate its surroundings. This interaction will be required if robots 
are to serve the many capabilities envisioned for them, such as constructing and servicing 
vehicles, discovering and using in situ resources, and exploring the Lunar and Martian 
surfaces. Computer vision is expected to partially meet this need, but interpretation of 
complex surroundings will be more reliable if other sensory modalities can be integrated 
with vision data. Scanning range finders would be one means of supplementing this 
vision. As a model of the environment is constructed, robots can take action based on a 
specific goal. The robot must appropriately modify its operational model to reflect the 
required actions. Robotics researchers have explored solutions to this difficult problem 
for as long as robot autonomy has been studied, but new and expanded computing 
resources will further facilitate progress in this area. The NASA need is, in some cases, 
unique and it must be on the cutting edge of these developments. In other cases, NASA 
must leverage academic and industrial research with innovative research in the U.S., 
Japan, and other countries. NASA should expect progress in this area to be steady but not 
rapid, given the enduring nature of this problem. Investment by NASA should be modest 
but also enable the ability to track progress of technologies appropriate to an evolving 
understanding of the environments to be sensed and the mission scenario. 
 
Planning Tasks for Robotic and Human–Robotic Execution 
 
Robotic motion is the lowest level in a pyramid of information processing tasks that will 
support exploration, construction, and maintenance operations on the Moon and Mars. If 
a robotic device is to work alone or cooperatively with humans, it must be capable, at 
some level, of autonomously planning the task it is intended to execute. This planning 
might take a multi-level, hierarchical form. For cases when working with a human, this 
planning would best be revised to reflect the explicit or implied intention of the human; 
this means the robot should have some capability to infer, to the extent possible, a 
human’s intentions so as to avoid certain movement or actions that might endanger the 
human. Many strategies have been explored for achieving this robotic behavior, but 
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 technology is suitable for NASA operations. In some cases, the robot should operate in 
response to a specified, general behavior, such as a command to patrol, to explore, or to 
rescue. In other cases the actions might be specified even more directly, such as to lift or 
to dig. Hence there may be more than one form of task planning appropriate to the 
intended purpose.  
 
A subset of the planning activity involves the ability to construct a route through 
potentially hostile terrain to arrive at an intended target. This path determination and 
obstacle avoidance has naturally been studied in relation to NASA rovers and is currently 
operating successfully on the surface of Mars. However, the technology is still in its 
infancy as it operates at a very slow pace and still with a great deal of human intervention 
that might be unacceptable or impractical for the future missions. Other sources of 
expertise are the universities that have been sponsored by the Defense Advanced 
Research Projects Agency (DARPA) and others. The 2004 DARPA Challenge 
competition (http://www.darpa.mil/grandchallenge) and the difficulties in meeting the 
challenge clearly illustrated that much work remains to be done. NASA investment in this 
area will be needed for NASA-specific environments, but much can be gained by 




Robots may be required to behave intelligently in situations where the information and 
knowledge is incomplete or the situation is too complex to follow a strict algorithm or 
logic leading to a preconceived outcome or set of outcomes. The broad area of artificial 
intelligence (AI) has similar objectives but in some circles it is the appearance of 
intelligence that is used to judge the success of a program as AI. Examples of technology 
leading to intelligent behavior are expert systems and fuzzy logic. In the former, an 
extensive examination of a human expert may be used to capture expertise for use when 
that human is not present. In the latter, knowledge uncertainty is formally represented in a 
quantitative, but somewhat ad hoc manner that can be compelled to produce a decision 
even when lacking a precise input-output equation. Artificial neural networks exhibit 
intelligent behavior as well, but they are actually very mathematically exact, and are for 
the most part equivalent to a lookup table with interpolation/extrapolation provided by a 
selected basis function. Their "intelligent" behavior is enhanced by learning capabilities 
that may be added to the system to provide the weighting on the basis functions used. 
 
These and other variations of intelligent behavior as applied to speech recognition and 
interpretation, vision, diagnosis, planning, and so forth could have many potential 
applications in space exploration. The conclusions reached by any artificially intelligent 
agent may be less than perfect. NASA has lived with and minimized the consequences of 
human error (resulting from natural intelligence) throughout its existence. To use 
artificially intelligent behavior productively, a comparable level of success is needed to 
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 checks normally applied to natural intelligence might also be applied to artificial 
intelligence, and the two can cross check each other.  
 
As a parallel, the U.S. Department of Defense (DOD) is also confronted with mission 
critical choices and a need for artificial intelligence in support of those choices. NASA's 
dependence could be less redundant but more easily anticipated, leading to somewhat 
different priorities for enhancing this technology. A great deal of existing university 
research can be applied to these needs as well, but the culture of academia will not 
readily adapt to NASA’s stringent requirements. NASA's requirement for near perfection 
is perhaps unique. Viable ways of implementing intelligent behavior are needed. The 
relationship between the domain and the implementation of intelligence is crucial, and 
increased communication and cooperation between disciplines and projects will also be 
critical. 
 
Data and Communications Security 
 
Security of communications to and between robots and autonomous systems is vital and 
is, in some respects, similar to the problems faced by autonomous assets in defense 
applications. The committee found no evidence that NASA is addressing security as 
fundamental to the system design process in the robotics domain. To the extent a separate 
NASA robotics effort is not needed, NASA should however not assume that, “security 
will happen” or “security will be added on at a later date.” NASA should follow industry 
trends in realizing the fundamental nature of computer security, as Microsoft has recently 
acknowledged with the release of Window XP Service Pack 2, which is for all practical 
purposes a complex security patch to the widespread operating system.  
 
In addition, computer viruses and similar breeches of security that infect space-based 
assets will not be readily repairable and it may be impossible to turn off the infected 
system as could be done on Earth. NASA should be alert to potential problems in this 
area and design security into all robotic systems from the very beginning of the design 
cycle. 
 
Robotic Manipulation Using Touch and Related Sensors 
 
Construction, maintenance, and repair tasks will necessarily involve direct contact with 
some fragile objects. The capabilities of current vision technology are inadequate for 
accurately gauging the progress of tasks that contain even a slight level of variability.  
 
Coupling between two elements of a structure sometimes takes the form of the “peg-in-
hole” problem that has been studied both analytically and experimentally for many years. 
While much can be done to ease assembly and disassembly (for maintenance and repair), 
some intelligent and effective use of touch and force sensors will be valuable in 
autonomous and semi-autonomous operation. In some cases human intervention in the 
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 grasping and manipulation action has been shown to be almost essential in studies by the 
Department of Energy (DOE) in dismantling nuclear facilities using robotic operation or 
teleoperation.2  
 
An additional challenge NASA faces is a communication time delay depending on the 
location of both the operator and the robot. Dealing with the delay between locations may 
be necessary and will require the construction of an environment model. In the case of a 
robot on Mars, this model can be presented to the operator on Earth, complete with the 
appropriate force constraints that were experienced during previous, unsuccessful 
autonomous attempts on Mars. The creation of such an aid would thus be a new 
endeavor. Such approaches would be valuable for dealing with multiple-minute delays, 
while transformation of variables may be adequate for delays of a few seconds. These 
techniques have been used on Earth in conjunction with teleoperation over the Internet 
and could again prove useful for NASA. This expertise is found in NASA, in many major 
research universities, and in other government agencies (DOE, DOD). NASA 
experiences the most profound time delays and thus could fund research in that area 
while leveraging the work in the other areas. Failing to deal effectively with this problem 
will bring severe consequences. 
 
Localized Sensing Technologies for Coordination 
 
If one envisions robotic assistants working alone, in groups, and with humans for tasks of 
habitat and vehicle construction, it is clear that precise sensing will be necessary for 
multiple points on the robot that may collide with or otherwise physically interact with 
delicate components, including astronauts themselves. Work of this nature has 
traditionally required an individual workspace for each agent that excludes all other 
agents (e.g. a factory floor with a robotic arm that humans are not allowed to approach 
because of safety issues). Furthermore, NASA needs to address the challenging problem 
of creating robots that work at human speeds. This strategy will be inadequate in some 
cases, particularly where close cooperation is essential. The first technology needed for 
this cooperation capability is sensing followed by an ability to communicate the position 
to an intelligent coordinator. The coordination aspect will likely require a hierarchical 
architecture. The unpredictability of a human participant in this activity will create a 
particular difficulty. Research by NASA seems valuable but should leverage university 
research contributions supported through the National Science Foundation (NSF) and 
other organizations. Agent coordination is a very difficult problem and must be 
researched to determine standards for acceptable levels of performance. Even if the ideal 
performance is not achieved, it is important to know the limitations of whatever system 
might be deployed. Hence, even though rapid progress is not expected, some research 
investment is essential. 
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2 U.S. Department of Energy.  Mobile Robot Worksystem (ROSIE) Industry Programs and Deactivation and 
Decommissioning Focus Area. DOE/EM-0429,. May 1999. 
 Power Management  
 
Power will be a major issue for robotics in space. Small robots can easily make use of 
solar power on the Moon (with the exception of Lunar night) and, in limited cases, on 
Mars. Solar cells have inherent limitations in the array sizes required for large power 
needs, such as for human transport rovers or in situ resource systems. Also, solar power 
on Mars will be unreliable due to dust accumulation on solar panels (which requires 
maintenance) and due to dust storms where the visible light is significantly reduced. 
Nuclear power sources, in some cases, are the only known alternative, and NASA and 
DOE are actively pursuing such projects now. 
 
NASA’s Jet Propulsion Laboratory (JPL) and others have made amazing advances in 
robotics. The power supply issue is also well known and is being pursued diligently. 
However, the committee has seen little evidence of NASA planning for categories of 
robots to meet specific mission needs, a factor related directly to the power needs for 
such categories. The committee recommends that NASA create a road map (if such a 
road map does not exist) for the types of rovers that will be deployed on the Moon and 
Mars (including human transport rovers) as well as a plan for the power supply 
requirements for each type, versus the impact on robot performance and capability to 




Flexible, lightweight, high-strength structures utilizing vibration cancellation technology 
have the potential to yield very large weight reductions for launch and deployment. Given 
the incredible cost to launch each unit of mass, all potential means for reducing the mass 
of structures, robots, and vehicles should be considered. Mass reduction brings an 
attendant reduction of rigidity, which then results in compliance, deflection, and 
vibrations, all of which must be considered in design. Lowering operating speeds, a 
technique that NASA has traditionally used, will not always be acceptable. 
 
Information technology can play a valuable role in reducing vibration through active 
control of surfaces and motion profiles. Sensors communicating with control computers, 
which in turn command actuators to actively damp vibrations, can alleviate one important 
constraint facing weight reduction. Since structures may be of high order, nonlinear, and 
time varying, the algorithms may be complex and may require distributed 
implementation, all issues that further research will need to address. These technologies 
have been shown to work in specific applications, some of which are space oriented, and 
the technology should be mature enough for rapid advancement. Since NASA has much 
to gain from continued research on the application of lightweight structures in 
microgravity situations (orbital and on the surface), the impact of investment on cases of 
interest here should be substantial. Indeed, there is already much expertise in NASA as 
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 Multiple computing entity coordination 
 
While the coordination of one or two robots and humans has already been considered 
here in a traditional hierarchical manner, swarms of robots could prove to be a more 
realistic way for completing some of the larger-scale projects. In such cases, a much more 
organic approach to coordination may be necessary. Interaction between cooperating 
devices might be much less deterministic and would depend on peer-to-peer 
communication and on impromptu networks to communicate the status of individuals. 
The combination of these elements would thus lead to a behavior enacted by the whole. 
Relatively robust performance of such a collection of devices may be possible, and not 
subject to the failure of any individual. This approach, however, might not be acceptable 
in instances where immediate performance according to a given standard is critical. But, 
for other cases, such as in the accumulation of a given resource over extended periods of 
time without direct supervision, the approach might be quite suitable. Basic research 
investment on this method, especially in the area of modeling and simulation of complex 
robotics interactions, would definitely be necessary if considering the use of swarm 
robots. It is, though, an advanced concept that should be entered into cautiously. Swarm 
robotics seems well suited to some portions of advanced Mars missions and could be 
deployable in the out years of the envisioned space exploration effort. NASA should 
broaden its view of robotics to include the possible use of large numbers of interacting 
robots, use the research funded to date by a variety of organizations, and consider the 
tradeoffs for such swarms of robots through modeling and simulation of capabilities. 
 
Project and task scheduling 
 
Project and task scheduling is extensively utilized in all NASA missions and the 
technology to carry out these tasks under human supervision is highly refined. It is not 
clear, however, that this scheduling ability is yet ready to operate under the envisioned 
autonomous conditions. A possible variation is the near term, in which dynamic 
scheduling may be necessary when a robot is working with a human. A change in 
perceived human intention might trigger a revision in the robot task that must be readily 
available. The committee does not know the extent of NASA expertise in this area but 
anticipates that it is likely adequate to serve as a base for work in this area. 
 
Lunar Positioning System (LPS) and Mars Positioning Systems (MPS)  
 
It will be very important for humans, robots, and communication equipment to know 
their positions on the Moon and on Mars accurately. The committee suggests that NASA 
conduct a trade space analysis that identifies ways to accurately determine position on the 
Moon and Mars. The trade space should take into account (without necessarily assuming 
that it is the solution) the advantages to deploying the well-known Global Positioning 
System (GPS) technology into a lunar and Martian environment, versus the costs of such 
deployments. While it will not be practical to match the large constellation of satellites 
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 autonomous robotic operation during landing, surface operations, and even flight (in the 
case of Mars). Combined with localized surface positioning technology, it would be 
possible for autonomous systems to conduct fairly high accuracy assembly and 
coordination. Ongoing evaluation of using communications satellite for MER indicates 
that the communications satellite’s own positioning data may provide a suitable 
alternative, but may need to be supplemented with pseudolites in the vicinity of 
operations. 
 
Persistent Data Capture  
 
An area that is typically not listed as a fundamental robotic technology is persistent data 
capture. This topic relates strongly to Chapter 5, Managing and Analyzing Massive 
Complex Datasets.  
 
Autonomous systems (including mobile robotics) on a lunar mission will operate over an 
extended period of time, during which information about all aspects of operations 
(observed and unobserved) can be collected. This information can then be used to craft 
scenarios, rules, and autonomous behavioral patterns for future operations on Mars, as 
well as to diagnose problems that will occur.  
 
The committee recommends that NASA plan for a large, persistent database to ensure 
that all details of operations, such as individual robotic movement, interaction with 
humans and other robots, and interactions with the surface and environment, is collected. 
Furthermore, all data should be traceable to origin and context so that scenarios can be 
reconstructed and knowledge extracted to create operational methodologies. The system 
should have the ability to capture or infer non-quantifiable data and context of 
experiences in operations where human and autonomous systems interact. Given the 
anticipated number of autonomous systems, this will be a non-trivial task. The return on 
investment, however, may be considerable and well worth pursuing. 
 
 
PRIORITY TECHNOLOGY INVESTMENTS 
 
Planning Tasks for Robotic and Human–Robotic Execution: This capability will be 
needed since less ground control will be available to orchestrate operation, and since 
these interactions are of immediate consequence. 
 
• Intelligent Behavior -The complexity inherent in space operations requires more 
intricate and autonomous behavior. 
 
• Localized Sensing Technologies for Coordination - Space missions will require 
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 • Vibration Control - The cost of a mission is dependent not only on the mass to be 
launched but on the technology to support a short time span for operations in 
order to support the demands for human life support. Having low weight 
traditionally has meant a noisy vibration environment or a slower, stable system. 
Future missions cannot afford either option. Vibration control technology should 
therefore promote productivity since the cliché of “time is money” also holds true 
for space operations. 
 
• Multiple computing entity coordination - The committee has assumed (Chapter 1, 
Introduction) that habitat construction will require preparation in advance of 
human habitation. This activity will resemble a small construction site. Several to 





The committee anticipates that there will be resistance within NASA regarding the 
widespread use of autonomous systems and movable robots in a mission to the Moon, 
Mars, and beyond, since it will require a culture change. Such arguments will range from 
“they are not safe around humans,” to “the systems are too complex to verify reliability.” 
With careful investments, many of these issues can be addressed from a technical 
perspective. Again, a great deal of basic research is required to achieve these goals. A 
broader definition of “robot” may be necessary. Automation of life support systems, for 
example, may share a considerable amount of technology with more traditionally defined, 
mobile robots. Advanced software and reliability testing, for instance, can be applied to 
complex autonomous systems. Modeling and simulation can also be applied effectively 
and relatively inexpensively. The use of neural network technology, in which a robot is 
capable of learning new tasks in a previously foreign environment, will have potentially 
large payoffs. Ultimately, the benefits of robotic systems are worth the efforts to mitigate 
risk. 
 
Finally, NASA can look to its past experience with the Remote Manipulator System 
(RMS) on the Space Shuttle. The RMS was flown into space before being fully tested. In 
this instance, NASA willingly violated its own rules for flight-testing all equipment 
before being placed on a human-occupied spacecraft. Since robotic systems for the Moon 
and beyond may be critical to mission success, the committee advises NASA to consider 
the International Space Station as a logical location to test and validate robotic operations 
either by operating robots in a microgravity environment (such as in the case of assembly 
robotics), or by validating those robots that are dependent on microgravity for operation 
(such as with floating or lightly tethered autonomous robotic assistants). NASA has 
already begun to set a precedent for this type of operation by the decision to use a robot 














Space communications is the key technical capability for satisfying the objectives of the 
missions: primarily to collect and analyze environmental information on distant planetary 
structures. The collected information, including data, voice, and video eventually needs 
to be transported to Earth. In addition, there is need for communications between the 
numerous nodes in the spatial configuration for command and control functions.  
 
It is essential that information be made available on a timely basis between the sources of 
information, such as sensors and humans located on the Moon and distant planets, and 
Earth. Communications are also required to control the many entities involved in such 
missions, such as satellites, robots, and humans. 
 
The challenges of providing communication capability in the interplanetary environment 
are numerous. Chief among them is accommodating the long and varied transport delay 
between Earth and the satellites and the planets. To a great degree, such long transport 
delays are not encountered on Earth, requiring space-unique solutions to this problem. 
There is no doubt that commercial and military communications capability on Earth is 
extensive and the technology is evolving rapidly. NASA is fortunate to be able to take 
advantage of many of these capabilities in the design and operation of a space network. It 
is essential that NASA have a flexible interplanetary network architecture capable of 






Evolutionary Integrated Architecture 
 
The space communications architecture must meet the changing needs of interplanetary 
exploration. This architecture needs to be robust, reliable, and capable of providing 
continuous coverage of all areas of concentrated activities. The architecture also needs to 
be capable of providing autonomous control for the many network elements and to be 
reconfigurable in order to meet changing mission requirements. To take advantage of 
rapid progress in evolving commercial and military communications technology, this 
architecture should likely be based on the seven-layer open systems interconnection 
(OSI) model. This model is well supported by the standards organizations and is the basis 
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 considered an interplanetary Internet that takes advantage of Internet-based 
improvements in protocols, software, and hardware. The space communications 
architecture needs to include local connectivity between robots, between humans, and 
between local hubs, a wireless local area network (LAN); between hubs; between hubs 
and near orbiting satellites; between orbiting satellites and relay satellites; and to Earth. 
 
Because communications technology is changing rapidly, this architecture furthermore 
needs to be flexible and reconfigurable to take advantage of these advances. Fortunately, 
NASA has an existing active effort, involving in-house, academic, government-funded 
labs, and industrial resources. The progress on this subject should be sufficient to meet 
the needs of the first mission to the Moon. Ongoing NASA investment for this initiative 
is critical to ensure this success as well as to establish future applicability to a Mars 
mission. 
 
An important technology to achieve flexibility is the software programmable radio 
technology. The ability to modify the radios as new encryption, protocols, compression, 
channel coding, etc. techniques become available is critical. 
 
Interplanetary Internet Protocols  
 
The long round trip communications delays of 8 to 40 minutes between Earth and Mars 
will require the development of new protocols for efficient information transport. While 
communications protocols for Earth to geo-located satellites (250 mSec round-trip delay) 
have already been developed for several applications, the issue of long and varied delays 
associated with interplanetary communications activity needs additional attention. This is 
a NASA-unique requirement. For instance, the OSI stack may need modification to meet 
the delay requirements. Work on this subject is currently being conducted in academic 
settings and deserves continued attention and investment.  
 
The communications delay inherent in interplanetary exploration places demands on both 
the computing systems and on people involved in any decision making process. Many 
decisions are time critical, and a 40-minute response delay is an issue that clearly must be 
evaluated. Simulating such delays in a Moon mission (with a built-in safety factor that 
allows mission controllers to remove the delay) would help assess task allocation and 
response. 
 
High Data Rate Communications 
 
It appears that communications needs of this program may require upwards of ten Gbps 
over interplanetary distances, but this amount may be small compared to future 
technology needs. The committee encourages NASA to anticipate the large-scale needs 
for future high bandwidth communications. The commercial world, albeit with fewer 
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 NASA needs to anticipate these private sector advances if it is going to leverage 
commercial developments as appropriate. 
 
This high bit rate, coupled with the imperative to minimize weight and power 
requirements, point to the possible use of optical communications for many of the links. 
Great distance, high bit rate communications by radio frequency (RF) requires large 
transmit/receive antennas and high-powered signal generators. Short transmission 
distances will continue to utilize RF technology, whether located on the surface of the 
planet or between multiple nodes in the satellite network. High powered Ka band 
technology will be the workhorse transmission technology of choice until the need for 
high data rate communications develops. Then, greater reliance on optical technologies 
will be required. While optical communications technology on Earth is well developed 
and currently used extensively, optical communications in space have unique 
requirements that require additional technology development and testing. Fortunately, 
optical space technology can build on the considerable existing terrestrial technology. 
Unique space technology requirements include the development of the optical system and 
space qualification of lasers, pointing mirrors and detectors, and the associated power 
supplies and electronics. Some work on this subject has been done and continues to be 
done by NASA and non-U.S. organizations, notably in Japan and Europe. This is an area 
that needs continued NASA funding as well as active outreach to academic and industry 
partners.  
 
Local Nodes with Autonomous Control 
 
The ability to reconfigure the communications environment at the local node level is 
important, especially in the case of mobile structures, including mobile robots, humans, 
and hub antennas. Due to long communication delays, this reconfiguration needs to be 
done autonomously, independent of direct human involvement. Redundant 
communications links between the entities involved, with perhaps extensive computing 
power, need to be included in this communications capability as there will be a strong 
requirement for compression and distillation of the transmitted data. This can be done 
with existing technology.  
   
LPS or Local Based Position Determination 
 
Determining precise three-dimensional positions on the Moon and on other planets is a 
critical need. Mapping and the navigation of robots, for instance, depend on it (as detailed 
in Chapter 2). Several approaches have been suggested, including mini constellations of 
GPS-like satellites, a Lunar positioning system (LPS), and precisely placed beacons. 













It is imperative that this communications network be secure against intrusion that could 
corrupt data, but more importantly, securely prevent intentional sabotage of control 
functions. Work on this topic needs to be ongoing. Such work is being done in domestic 
and non-U.S. commercial, government, and academic centers, but it is important for this 
to be an ongoing effort. Funding of this work by NASA should be minimal and focused 




This will be a complex communications network that will evolve as mission requirements 
change and as technology improves. The ability to test all the hardware and software 
associated in the network environment is an imperative. A facility to emulate the 
interplanetary communications network to test software, hardware, transmission delays, 
protocols, configurability, failures, etc. is needed. 
 
 
PRIORITY TECHNOLOGY INVESTMENTS 
 
Fortunately, commercial and military communications systems are well advanced and 
will continue to improve. The NASA deep space missions will be able to take advantage 
of the availability of these technologies, perhaps with appropriate engineering and 
suitable modifications to meet space qualification requirements. Technologies that are 
unique to the Moon, Mars, and beyond missions need to be identified and invested in.  
 
In order of priority, these investments are: 
 
• Communications architecture; 
• Simulation facility; 
• Protocol modifications; 
• High powered Ka band traveling wave tube amplifiers; 




















Robust communications is fundamental to the overall success of the new space 
exploration missions. A number of critical technologies need to be provided through 
NASA funding, including the development of integrated communications architecture, an 
integrated communication-information technology architecture, communication 
protocols, and high bit rate optical communications. The continued development of high 
frequency RF technologies should be included in this program. Maintaining and 
strengthening existing ties, and establishing new ties to academia and industry, both in 
















The number of individual components needed to ensure a safe mission to Mars will 
increase significantly compared with a mission to the Moon. Understanding how to 
design, assemble, operate, and maintain the resulting system is essential to managing 
overall risk. Key computing technologies are needed to cope with the scale and 
complexity of a mission to Mars; these technologies are of great benefit when used early 
in the design process to support a mission to the Moon. 
 
Systems Engineering and System-of-Systems Approach 
 
A mission to Moon or Mars will require integration of complex hardware and software 
systems that will be developed by different organizations. The organizations involved 
will change over time and not all components will be designed simultaneously. New 
approaches are needed to support design, assembly, testing, and maintenance of such 
systems-of-systems. 
 
A system-of-systems approach increases the need for coherent systems engineering 
processes. The challenge is not only to specify and understand the overall system and its 
context, but also to integrate the component systems into a successful implementation, 
many of which will be designed in detail outside of NASA’s control. 
 
Having a systems-of-systems capability will enable NASA to change its business model. 
A system-of systems business model matches the current NASA direction because it 
allows broader industrial involvement and increases flexibility. It is essential to support a 
spiral model where some of the technologies and components from a previous mission 
may be reused in a following mission. This is a significant change from a previous, more 
monolithic approach and parallels ongoing evolution in the industry.  
 
From a technical perspective, a system-of-systems approach maintains the integrity of a 
complex, dynamically-changing mission because new technology can be included while 
minimally disrupting the overall system. Hardware and software evolve into a set of 
components that can be assembled readily for a specific mission. More importantly, each 
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 Such a systems-of-systems approach is prevalent in the computer industry. This industry 
has moved from a vertically integrated model in which one company develops all 
technologies in a particular computer system, to a horizontal model in which each 
computer system is heavily dependent on coordinated efforts by specialized suppliers. 
This if often difficult even when the interfaces between suppliers are fairly rigid and well 
defined as they are in the computer industry. The application of a systems-of-systems 
approach to a highly complex, unique problem, such as a space exploration mission, is 
still in its early stages. The approach has not been tested for the NASA mission but is 





A mission to Mars will require a complex, robust decision-making support system that 
leverages the advantages of the mission crew (proximity) with the advantages of the 
ground crew (size, computing power, storage). The challenge of providing this robust 
decision-making support system is compounded by communication delays and by highly 
autonomous components. Decision support then must be based on extensive, real-time 
data acquisition, availability of historical data, and extensive use of simulation and 
knowledge extraction to learn from past mission data. This chapter covers modeling and 
simulation as key technologies, and the following chapter covers the other essential 
aspects needed to support real-time decision making: managing and analyzing massive 
complex datasets. 
 
While this challenge has been extant throughout NASA’s history, the length and 
complexity of the missions, the increased autonomy of the components, the desire to 





The duration of a Martian mission implies that some failures are inevitable. The cost of 
transportation to Mars suggests that a brute force solution of maintaining spares for each 
technical component that may potentially fail is prohibitively expensive. This expense 
thus leads to an identifiable need for adaptable hardware, software, and human personnel. 
In many ways, this necessitates that the mission be self-contained, self-reliant, and able to 
repair (e.g. heal) itself. 
 
The ability of systems to maintain themselves in an adaptable fashion places significant 
burden on the design process, which must include self-contained health monitoring, 
system status assessment, and remediation. This emphasis, in turn, makes testing and 
validation more complex because the in-mission system configuration is unpredictable. 
Testing and validation must be fully distributed and conducted at the system component 
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 must roll-up to higher levels (e.g., be combined together for reporting and remediation by 
a higher-level system). In this way, the impact of a failure on other systems can be better 
understood. For example, Chapter 2 discusses the complex software issues arising from 
the use of collaborative, autonomous robots that interact with humans. Simulation and 
control of such robots is further complicated when some of the robots may have received 
repairs that alter their functionality in difficult to predict ways. This capability is 




The mission to Mars makes sense only if it fully utilizes human ingenuity and creativity, 
with humans ultimately in control. The length and complexity of the Martian mission and 
the distance to Mars will require significant new training capabilities to better prepare 
astronauts to cope on their own with a dynamic, complex environment that includes 
highly autonomous agents. The training cannot stop at preparing these astronauts for a 
small set of well-defined tasks. Ongoing coaching is essential as the mission progresses 
and the components reconfigure themselves in unplanned ways. New capabilities are 





System Analysis and Simulation 
 
In order to support the design, decision support, and training capabilities, it is important 
to have the capability to simulate hardware, software, the Moon or Martian physical 
environment, and the people involved. The simulations must achieve acceptable fidelity 
to manage risk, since 1) testing is extremely expensive or impossible (if it involves 
humans), 2) the mission is significantly more complex than previous NASA missions, 
and 3) there may be less tolerance for risk. The simulation environment should: 
 
• Simulate “hybrid” situations where real humans and/or real software interact with 
 a simulated physical environment; 
• Be sufficiently flexible to transparently cope with changing hardware and   
software and to accommodate various levels of fidelity; 
• Automate, as much as possible, the migration of digital hardware and software 
 specifications to a simulation environment.  
 
Statistical and stochastic methods for providing error estimates and for determining the 
impact of system variability will assist in the results analysis of simulation sessions.  
 
Progress on the set of technologies needed for such system simulation will reduce the 
dependence on over-designed and over-constrained systems, thus reducing overall 
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 testing of potentially problematic issues and scenarios during the mission and will 
provide essential training infrastructure.  
 
The committee expects rapid progress in this area, since there is significant government 
and industrial research in this area, with some academic involvement. NASA can 
contribute to this progress, especially in the area of simulating non-Earth environments. 
NASA can provide test scenarios that other government and industry sources can use to 
improve simulation fidelity for NASA-style missions. NASA should invest at a high 
level, primarily internally, with external partners. It should be noted that lack of progress 




The large number of computing systems combined with the long duration of the 
anticipated missions will inevitably result in system failures. The complexity of the 
systems and the complexity of the environment in which they will operate all but 
preclude an exhaustive testing of all possible interactions. The quality of such systems is 
all too often judged on an unrealistic scale of perfection. The reality of interplanetary 
missions is such that systems must be capable of surviving failures, including failures due 
to software bugs, hardware failures, or environmental events (e.g. dust and radiation).  
 
The concept of survivable software complements commonly accepted and mission-
necessary concepts like resiliency, fault tolerance, or fail-safe software and hardware 
systems. We use “survive” to imply that the system can move into a defensive state that 
will continue to provide minimal functionality until the system can determine how to 
regain full capability or (more likely) transfer functionality to another system not initially 
designated as a back-up. For example, if humans and robots interact in the same 
environment, then it is imperative to ensure that a robot will not harm a human. One can 
attempt to design hardware and software that provably prevent such harm; or one can 
design a highly trusted supervisory subsystem that can lock the robot when it seems to 
move into a state of possible harm. The latter approach does not require that all the 
controlling software be verifiably correct. 
 
This reality leads to a different perspective on the software development process. Critical 
systems, sensors, and monitors should undergo exhaustive validation and verification and 
even be formally specified. The issue of survivability should govern all software 
development. A greater burden is placed on the quality of not only the software itself, but 
also on the specifications to which the systems are designed and built. Specifying criteria 
under which survivable operation is acceptable will help guide the overall quality 
assurance effort. 
 
A traditional list of software testing criteria, coverage requirements, and validation and 
verification technologies currently exists. However, the notion of survivability has not 
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 survivable software is risk reduction. Unpredictable or poorly-operating systems, 
especially those designed without survivability considerations incorporated, will result in 
errors with little or no failure protection. 
 
The predicted rate of change in the area of survivable systems development is low to 
medium, as it requires fundamental changes in current software engineering 
methodologies. The problem of designing survivable software has the attention of DOD 
due to the complexity of avionics software and the inability to exhaustively test this 
software. NASA faces a more difficult problem, given that integrated systems-of-systems 
must operate both autonomously and in concert with one another for long periods of time. 
Given current abilities and funding levels, NASA is unlikely to have a major impact in 
this field. However, even now, NASA can clearly provide excellent test cases. 
 
It is suggested that NASA invest at a high level in the areas of reliability and survivability 
in addition to software correctness. A significant amount of interaction, cooperation, and 
collaboration with other government agencies (especially DOD programs like Future 
Combat Systems and DARPA’s related research programs) and industry is 
recommended. However, progress in this area is likely to be slow and technology may 
not be fully available in time for the Moon mission. If the technology is not available, 
design options for the mission will be significantly reduced. For example, robots that 
collaborate with humans would require a design so that harm to a human caused by a 
robot is physically impossible. If the technology is not available, humans and robots 
would not be allowed to move in the same space, or robots would be designed to move 
too slowly to cause damage. The other option would be to have a design where harm is 
physically possible but prevented by the control function. 
 
Multi-Disciplinary and Multi-Objective Optimization 
 
System-of-systems of design must accommodate components from a number of disparate 
sources. Each component must be designed to balance inputs from a number of different 
analytical perspectives (e.g. structural integrity, weight, producibility, maintainability). 
Concurrent optimization techniques focus on better-designed individual components 
rather than on systems or sub-systems. These optimization techniques must be reapplied 
at all levels as the overall system is designed and built. Doing so will result in a more 
robust and sustainable product. Optimizing the same component to multiple objectives 
ensures an extended usage period. Multi-objective optimization enables components to be 
designed not only for their immediate use, but also to take into account future 
requirements; this approach requires later applications to be specified sooner. 
 
Progress has been made in recognizing the contributions of multiple disciplines and 
objectives in parallel rather than serially. The notion of multi-disciplinary and multi-
objective optimization applies to all mission systems and components. Actually applying 
the optimization is a difficult task. For example, automating design changes in terms of 





Potomac Institute for Policy Studies 
25
 second example is routing tubes and wires. In this area, rapid progress can be expected. A 
possible current exception is automating modifications to geometry. Inferring the proper 
and appropriate changes requires semantic knowledge about the component under design 
(e.g. is the modification changing a hole or an attachment point?) and is not currently 
well implemented in computer-aided design applications. However, if function-driven 
design, described below, becomes more prevalent, then the need for semantic knowledge 
will increase because the actual requirements become the primary design motivation, 
rather than physical characteristics.  
 
The problem is far from unique to NASA, and progress in this area has significant 
industrial value. NASA will be a clear beneficiary of work done in academia and 
industry. Even so, NASA should invest initially at a low level to track progress in this 
area in order to determine ways in which multi-disciplinary and multi-objective 
optimization technology may be applied to its unique system configurations. 
 
Dynamically Extensible Systems 
 
With its missions to the Moon and Mars expected to last months and years, NASA needs 
the ability to upgrade software systems while the mission is in progress. Such technology 
is not readily available even in cluster-based computing used by the large Internet service 
providers. The large Internet service providers often use a mirror system (a complete 
copy of their online system) that they switch over to when large system upgrades are 
needed (e.g. a brute force approach). The development of survivable systems makes on-
the-fly function updates more tractable. 
 
The ability to upgrade software on a system in space is specific to NASA, which has a 
long history of investment in this area. While the current technology may not meet all of 
NASA’s longer-term needs, it is expected that, with continued support from NASA, these 
needs will be met in time for the 2008 and 2015 missions. The committee recommends 
that NASA continue investment in this area, while keeping abreast of other current work 




Most of today’s engineering processes regard parts and part geometry as the central 
design product. Once the geometry of parts is created, the assembly is formed and tested, 
either physically or virtually. These tests then reveal concerns later addressed through 
redesign. 
 
Function-based design regards the functional specification and interface definition as the 
starting point. The geometry of the parts and the system flows from the attributes desired 
in the finished product. The complexity of the Moon and Mars missions, and the certainty 
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 desirable to automate as much of the design process as possible and start from 
requirements. 
 
Current technology, if adapted by NASA to its needs, will allow the majority of repetitive 
design tasks to be fully automated. A significant challenge will be to audit the full set of 
design tasks in order to separate the true one-of-a-kind designs, which cannot currently be 
automated, from those which are repetitive and can therefore be automated. Automation 
of the transition states can greatly reduce the labor needed to produce an optimal design. 
 
Function-based design is another area that is broadly relevant to manufacturing and one 
likely to see rapid progress, including automating modifications to geometry. Inferring 
the proper changes requires semantic knowledge about the component being designed, 
which is currently not well represented in computer-aided design applications. NASA can 
significantly impact the field, especially as the methodology is applied to complex 
engineering designs that include non-repetitive elements. Work in this area involves 
industry with some academic involvement. 
 
NASA should invest at a low level to track progress in the general area and to determine 
ways to apply multi-disciplinary and multi-objective optimization technology to its 




PRIORITY TECHNOLOGY INVESTMENTS 
 
In analyzing the technologies in this section, the committee recommends the following 
three investment opportunities: 
 
• Survivable Systems - The ability of software and systems to continue and adapt to 
unpredicted and unpredictable situations is essential to the long term success of 
any space mission. Expending funds in this area can decrease overall mission 
costs because a fewer number of tests will be needed and redundant systems will 
be eliminated. Such an approach is needed to reduce payload weight and provide 
needed reliability in a long mission.  
• System Analysis and Simulation - The ability to understand pre-facto how all 
systems will interoperate, both from a functional and an operational perspective, 
reduces risk for each mission. Furthermore, building the overall system models 
will result in a clearer specification for the system-of-systems. System analysis 
and simulation is a cross-cutting capability that is needed to achieve high-priority 
goals. Such a capability is needed to reduce mission cost and risk. 
• Dynamically Extensible Systems - As spiral development progresses, each 
component will build on the success of its predecessors. During the mission, 











Changing the NASA business model to a system-of-systems approach that spirals 
through multiple phases means that the entire notion of the way a system is designed, 
operates, and is maintained must also change. Of particular importance is the autonomy 
that all aspects of the system must have once the system is operational. In other words, a 
central control room is impractical when communications take 40-45 minutes (round trip 
in the case of a Mars mission) and spares are in short supply. The capabilities defined in 













For successful human/robotic space exploration, it is important to collect and analyze 
data from various phases of the exploration so that decision making for current and future 
missions can be improved. While data collection, management, and analysis have 
typically been considered in the context of data from science missions, they are also a 
vital part of any space exploration, whether human or robotic. These data could be 
collected during testing of various instruments on Earth, during operation of these 
instruments on a mission, as part of science data collected during a mission, as well as in 
the form of archival information from scientists involved in all aspects of current and past 
missions. These data can be invaluable in: 
 
• Planning for current and future missions by learning from the experiences of past 
missions;  
• Creating a knowledge base for recording problems and their solutions; 
• Understanding remote environments from science data collected during a robotic 
mission; 
• Assisting robots to make decisions during missions without human intervention; 
• Helping teams of robots to work collaboratively; 
• Creating a historical record of the expertise of retiring mission scientists, etc.; 
• Recreating the context leading to design decisions for reference by future 
missions and scrutiny. 
  
The data collected from these different sources can take the form of unstructured text 
documents, audio, sensor measurements, images, and video. Assuming the data has 
already been collected, the challenge then is to manage the data, process it to extract 
useful information, and finally, display the information in an appropriate form (scientists 
will not be the sole recipients of this data) so it can be used in decision-making. The 
capability to efficiently and effectively manage and mine massive complex data sets will 

















There are three main capabilities necessary to realize this vision of improved decision-
making by exploiting the data being collected in all aspects of human/robotic space 
exploration. These are: 
 
Large Database Management 
 
A key capability necessary for managing massive complex data sets is the ability to store 
the different types of data (unstructured text, images, sensor measurements, etc.) so they 
can be retrieved easily for future analysis. Much of the current work in database 
management technology is driven by the needs of the commercial sector (e.g. banks, 
credit card companies, the Web, search engines, etc.). Some of this work is generic 
enough that NASA can leverage it. However, some areas, such as ontology development 
for data related to NASA missions, coordination of distributed databases, and handling of 
communication delays, are specific to NASA and must be addressed for the success of 
human/robotic space exploration. In addition, some of the data types, such as sensor 
measurements or various levels of data products resulting from the processing of remote 
sensing data, are unique to NASA and must be managed appropriately within a database. 
 
Capability to manage and fuse different types of data  
 
The data collected by NASA in the form of text, images, video, etc. are complementary 
in nature. For example, if multiple robots are cooperating on a mission, then the 
information in the images seen by each robot, as well as the data collected by each robot, 
must be combined or fused so that each robot can access all the data and subsequently 
make a better decision than one based merely on an individual robot’s data. It is to 
NASA’s advantage to exploit the complementary information available in its databases. 
Given the variety of data types, this data fusion can be particularly challenging, 
especially as the first need is to identify which of multiple data sources are relevant to a 
given problem, and then access and merge these data so that a decision can be made on 
the combined data. Not many enterprises exist with such a diversity of data sources, 
except perhaps agencies involved in intelligence gathering such as the Central 
Intelligence Agency (CIA), National Security Agency (NSA), and others; however, it will 
admittedly be difficult to leverage these agencies given the classified nature of their 
work. NASA is also unique in that it may need to fuse data that is distributed in space 
(e.g. data on Earth, Moon, and Mars) and fuse data that has a decades-long life span. 
Therefore, for success in NASA’s missions, it must develop the ability to exploit and 
learn from all the available diverse data. 
 
Analysis of data & knowledge management 
 
Once the data relevant to a problem has been extracted from different databases and 
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 This extracted knowledge also needs to be managed so that it can be appropriately used 
in current and future decision-making processes. At present, few other enterprises have 
the task of analyzing multiple data sources simultaneously or of making time-critical 
decisions based on incomplete and uncertain information. Such analyses, as well as the 
management of the resulting knowledge, are critical to the success of NASA’s missions. 
Efforts in this area by the CIA, NSA, and other high level security agencies, may help 





NASA requires several technologies to support its need to store and manage large 
amounts of data from diverse sources, to analyze the data to extract useful information 
from it, and to display the information for decision-making purposes. The committee 
observes that while certain aspects of managing and analyzing massive complex data sets 
are unique to NASA, several other aspects are shared with other domains. The committee 
recommends that NASA should monitor other work being done in this area for leverage 
opportunities. In particular, NASA should consider the work being done at the national 
laboratories (Lawrence Livermore, Los Alamos, and Sandia National Laboratories) in 
managing, accessing, and analyzing large data sets; the work being done at international 
experimental physics laboratories (e.g. ITER, ATLAS, SLAC) to understand their data 
management that enables scientists from all over the world to interact with it; and the 
work being done by federal agencies, specifically the intelligence community, in 
simultaneously exploiting diverse sources of data. Of course, NASA must also leverage 
its own experiences over prior years in these fields. In particular, it must recognize that 
several of these technologies crosscut different aspects of NASA’s missions. For a 
greater return on its investments, NASA must ensure that advances in technology made in 
support of one aspect of a mission are also leveraged as appropriate in other aspects of 
the mission or in other missions. 
 
From a technical viewpoint, the committee observes that data analysis is typically an 
iterative process, where any step may require a refinement of some of the previous steps. 
The actual tasks often depend on the problem being solved and may also require 
incorporation of domain-specific knowledge. Further, the results of the analysis may 
either be for the use of individual scientists or be used directly as part of a decision 
support system (e.g. control of robot activities and adjustment of life support systems). 
 
The specific data management and analysis technologies NASA must consider for 
successful human/robotic space exploration include:  
 
High Speed, High Density Storage Media  
 
High speed, high-density storage media are critical for NASA to store and access massive 
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 credit card companies, search engines, and banks, as well as in large experimental 
physics facilities and various Department of Energy (DOE) Programs. Thus, a great 
demand for this technology independent of NASA’s needs exists, and disk array 
companies will continue to advance their offerings to meet the increasing demands for 
high-speed, high-density storage. The committee believes that the rate of change of this 
technology will keep pace with NASA’s current needs in 2008 and in 2015. While any 
NASA investment in this technology is not expected to have a major impact, NASA 
should recognize that it might require specific constraints on storage media, such as low-
power disks with no movable parts. Some investment from NASA may be required to 
address these NASA-specific requirements.  
 
Sophisticated Database Technology 
 
There is a critical need for sophisticated database technology to handle the diverse types 
of data collected by NASA. Such technology must be able to address issues of semantics 
across different types of data, as well as utilize storage schemas that can enable timely 
access to the data. The committee believes that while current database technology does 
not quite meet the needs of NASA, the requirements from commercial enterprises such as 
Web search engines and government enterprises like the Department of Homeland 
Security (DHS) will drive the technology so as to partially meet NASA’s needs in 2008, 
and fully meet them in 2015. Therefore, NASA’s investment in this area should be low; 
however, NASA should remain aware of developments in the commercial sector and 
Federal agencies to avoid unnecessary or redundant work and to influence the inclusion 
of any NASA-specific requirements.  
  
Abstracting Content from Data 
 
Data in the form of unstructured text, images, and video is usually not mined directly. For 
example, in the case of image data, objects in the images must be identified and 
characteristics representing the object must be extracted prior to data analysis. Further, if 
more than one type of data is available on a subject (e.g. both images and unstructured 
text), they must also be fused so the complementary information they contain can be 
analyzed. This data fusion and abstraction of content is usually very time consuming. 
While strongly dependent on the problem being solved, it also provides an opportunity to 
incorporate any domain, and problem-specific, knowledge into the analysis. Given the 
diversity of data sources that must be exploited in NASA missions, their size, and their 
nature (e.g. images and video), the technology required to accurately and robustly 
abstract content from data currently does not meet NASA’s needs. With the growing size 
and complexity of the data, it is unlikely that the situation will change by 2008. However, 
NASA can, and should, influence the rate of change of this technology so that it is closer 
to meeting NASA’s needs by 2015. In addition, for certain specific data types, there are 
opportunities for NASA to leverage technology being developed by other enterprises. In 
the case of unstructured text, for example, the work being done in the field of Web 
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 and Air Force research laboratories, and in other government agencies can be leveraged. 
However, some aspects of this technology, such as the quality of the data, the need for 
real-time responses, and the characteristics of the origination of the data (e.g. the Moon 
or Mars), are unique to NASA, and therefore require NASA investment. The work of 
intelligence agencies, as well as that done by mapping agencies, weather forecasting 
agencies, and the Oceanographic Institutes must also be considered. 
 
Data Analysis and Knowledge Discovery 
 
It is important to note that the committee separates the topic of extraction of content from 
imagery, text, and the like, which is discussed in the previous section, from analyzing the 
extracted content. The techniques used to analyze the extracted content (e.g. decision 
trees, association rules, etc.) do not depend on where the source content originated, 
whether that source is credit card transactions or satellite imagery. Once the content has 
been extracted from the various data sources, it must be mined to extract useful 
information and patterns in the data sets. While the current state of data analysis and 
knowledge discovery may not meet all of NASA’s needs, enough external interest in this 
technology exists for it to partially meet NASA’s needs in 2008, and fully meet them in 
2015. NASA should plan on leveraging the external investments being made by 
government and commercial enterprises such as DHS and credit card companies, as well 
as the work being done in academia. These investments dwarf any contribution that 
NASA could make, and therefore NASA’s influence on data analysis and knowledge 
discovery will be minimal. The committee recommends that NASA continually assess its 
needs in this area and make investments as necessary to address NASA-specific 
requirements. 
 
Reasoning under Uncertainty 
 
NASA data collected from space missions is fraught with inaccuracies, is often of poor 
quality, and can be incomplete. Given these issues, NASA must resolve how to quantify 
uncertainty in this data and how to make decisions with such uncertainties in the data. 
Other enterprises also have to deal with uncertainty issues. However, it is not known to 
the committee 1) what they are doing about it, and 2) whether the techniques used in 
those enterprises are applicable to the needs of NASA. It is the committee’s impression 
that work on uncertainty analysis in large complex systems is not very advanced and is 
very problem specific.  
 
Given the problem of data uncertainty, and the potentially far-reaching and negative 
consequences of the decision-making, it is important that NASA be able to quantify the 
uncertainties associated with the results of any analysis. While the technology for 
reasoning under uncertainty is not advanced enough to address all of NASA’s needs now, 
or in 2008, with sufficient investment from NASA, the problem may be partially 
addressed by 2015. Therefore, NASA’s impact on the rate of change of such technology 
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 existing initiatives, particularly from those in other parts of the U.S. government, the 
committee recommends that NASA should evaluate the need for this technology in 




In many aspects of human/robotic space exploration, NASA will need to make a decision 
in real-time or in close-to-real-time. While the current technology in this field does not 
quite meet all of NASA’s needs, the committee believes that with appropriate funding, 
most of NASA’s needs will be met by 2008, and all of its needs will be met by 2015. 
While NASA should invest in those aspects of real-time analysis that are most specific to 
it, such as making appropriate trade-offs in accuracy vs. time for a response, it should 
also try and leverage the work being done elsewhere. This would include the work at 
many large experimental physics facilities and many astronomical observatories, as well 




Converting information into a form that can be displayed to the end user is another 
critical capability for NASA. This is particularly important, as the information extracted 
from various data sources must be presented for scientific analysis in a manner that 
accurately reflects the information’s content, and in a way that can be comprehended 
easily. While there is still progress to be made in this field to meet NASA’s needs today 
and in 2008, it is likely that with appropriate investments to address NASA-specific 
issues, the technology will meet NASA’s needs in 2015. NASA should investigate 
developments in this field being made in other agencies.  
 
Intelligent Human-Computer Interfaces 
 
NASA’s requirement for real-time data analysis implies an additional strong requirement 
for intelligent human-computer interfaces. What is displayed, how it is displayed, and 
how a user interacts with the displayed information are all key capabilities NASA must 
address in their data analysis systems. If the displayed information indicates a need for 
additional processing and analysis, these systems may also require a closed loop where 
the user can specify what type of additional processing must be done. Multi-modal 
communications such as speech, vision, and text are needed to maximize the user 
bandwidth. Additionally, as NASA missions become longer and reach beyond low Earth 
orbit (LEO), computing systems highly sensitive to an astronaut’s cognitive state become 
important. While the technology to meet these requirements is currently far from mature, 
it is important that NASA invest in this field so that some of its needs can be met by 
2008, and all of its needs can be met by 2015. The requirements that drive the needs of 
NASA in intelligent human-computer interfaces are very NASA specific; as a result, little 
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 Distributed Data Management & Analysis – Earth, Moon, Mars & Beyond 
 
A unique characteristic of data management and analysis for NASA’s human/robotic 
space exploration missions is the distributed nature of the data. While distributed data is 
common in other domains such as in astronomical data analysis, where several surveys 
may be located on databases spread throughout the world, in the case of NASA’s 
missions, this data may be distributed among a ground-based station, a base on the Moon, 
and a robotic mission to Mars. The time delay in transferring data among nodes on this 
interplanetary Internet, as well as the limited time windows during which data can be 
transferred, make the management and analysis of such distributed data particularly 
challenging. While the current technology does not meet NASA’s needs, and the situation 
is unlikely to have changed by 2008, with sufficient funding from NASA, it is possible to 
start making inroads into addressing this problem by 2015. The committee highly 
recommends that NASA not only leverage existing technology being exploited by large 
distributed data-related enterprises, but also invest in resolving problems due to the 
interplanetary distribution of some of NASA’s data. The ability to exchange information 
between each system within the system-of-systems will be critical to the success of 
NASA’s longer-term missions to explore the Moon, Mars, and beyond. 
 
 
PRIORITY TECHNOLOGY INVESTMENTS 
 
The committee recommends that NASA consider the following priority of technologies 
in its investments in the area of data management and analysis: 
 
• Abstracting content from data - This technology consumes the most time (80-
90%) in any data analysis endeavor. The tasks involved (data fusion, feature 
extraction, etc.) are specific to the data and the problem; therefore, this is an issue 
unique to NASA. Further, as the first step in data analysis, it is crucial in decision 
making. 
• Reasoning under uncertainty - Given the possible poor quality of the data used in 
analysis, and the potentially far-reaching consequences of any decisions made 
using the data, it is important that NASA be able to quantify how much they can 
trust the decisions made as a result of the analysis.  
• Distributed data management and analysis - The distances separating the data 
used in the analysis (Earth, Moon, Mars) make this a NASA unique problem and 
one that must be addressed when such data is being analyzed. 
• Intelligent human computer interfaces - When humans are the consumers of the 
results of the analysis – especially when rapid turnaround is required, it is 
important that user be allowed to interact appropriately with the results and 













The ability to sustain life in space, both human and non-human3, is critical to the 
President’s goal of extending life throughout the solar system. The discussion in this 
chapter provides a framework for which information and communications technologies 
(those under CICT’s purview) must provide. Often the information and communications 
technologies that support the requirements stated here will be assumed to exist by 





There are two ways of extending the President’s vision for exploration beyond the Lunar 
surface with regard to sustaining life: 1) continue to support the development of systems 
in the manner it has been done to the current time, or 2) alter the life support approaches 
to face future challenges.  
 
The major concepts for extending life support systems beyond the Lunar surface are: 
 
1) Radiation shielding; 
2) Food supply; 
3) Water supply; 
4) Habitable living space; 
5) Livable atmosphere; 
6) Waste management; 
7) Robot management; 
8) Communications between man and machine; 
9) Health care (human and machine); 
10) Supply of parts on demand.  
 
In order to send humans into space and to bring them back safely, it is necessary, for 
example, to protect crews from radiation and to provide vital necessities such as oxygen, 
water, food, carbon dioxide removal, waste removal, and the wide variety of basic 
functions, along with necessary (and, perhaps, unscheduled) medical care. Shelter is also 
a necessary part of life, whether in a spacecraft or on extraterrestrial surfaces. These 
shelters may be pre-deployed or may travel with the crew. Regardless, the complexity of 
the undertaking is daunting. The mission to Mars, for instance, will have duration of 
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3 A mission to Mars will presumably include plants and microorganisms for processing waste into usable resources. 
 more than one year and any preparation for Lunar missions must be designed in such a 
way that the technology is extensible to Mars operations. One approach would be to 
simply expand the logistics challenge for food, supplies, and power requirements by the 
additional required mission duration. This requires a major increase in payload lift 
capabilities, along with increased radiation shielding (again, a major increase in mass) in 





The technologies needed to meet these challenges are varied and are mentioned here with 
details provided in other chapters of this report. However, the committee addresses 
specific non-IT capabilities here that must be anticipated when planning for any IT 
infrastructure. For instance, autonomy and remote communications along with very 
precise localized positioning (as related in Chapter 2) are required for the broadly 




Beyond low-Earth orbit (LEO), the radiation environment is more hazardous. At present, 
protecting assets from radiation is overcome by costly shielding techniques. Extended 
missions will require additional mass, since mass is the generally accepted way to 
increase shielding capabilities, which naturally greatly increases cost. Extended missions 
will require additional shielding due to the more hazardous environments expected in 
interplanetary space. There may be ways of enhancing shielding without the concomitant 
increase in mass, such as the use of liquid hydrogen surrounding a spacecraft. This is a 
research area of particular interest to NASA.  
 
The committee was concerned at the seeming lack of research in radiation protection. The 
committee did not have the expertise to address this issue and it is clearly beyond the 
scope of the study. However, the committee would be remiss in not adding its voice to 




Currently, longer mission duration simply means greater logistics requirements (e.g. 
astronauts carry more food with them). Generating food in space will be required for 
extended space missions. NASA does not currently have suitable methods of generating 
food in space, especially from recycled waste, to satisfy this long-term requirement. The 
production of food in a spacecraft and on site (on the Moon and Mars) is essential for 
reducing the enormous logistics cost of providing sustenance during extended space 
travel. There has been fragmentary work on this issue, such as in Columbia University’s 
Biosphere experiments. However, the lessons learned in previous research require serious 
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 information technologies required for such production. Fragmentary work has been done 
on adapting these food production techniques for use in space, but it appears that an 




The committee believes that current water recycling techniques need to simply be 
extended for longer term missions that will have increased power requirements and 
maintenance problems. However, existing water recycling techniques need to be 
improved. Alternatively, other methods of in situ resource utilization to extract resources 




The committee expects that astronauts will continue to live in a capsule, a space station, 
or a structure on the Lunar surface. Technologies currently in the space station may not 
be suitable for landing on the Lunar surface. The committee has assumed (Chapter 1, 
Introduction) that habitats will be constructed on the Lunar or other planetary surfaces, 
and in advance of human arrival. This will require considerable development, especially 
of robotic construction techniques. It is unlikely that the spacecraft will be able to serve 
as the living quarters on an extraterrestrial surface for any significant time duration. New 
portable construction equipment and structural building methods appear to be rapidly 
advancing in the category of prefabricated shelters here on Earth. NASA is also correctly 
paying attention to the areas of new, lightweight materials that provide some improved 




Current methods of providing oxygen must be extended with the additional consequent 
logistics chain. Atmospheric generation and recycling of the basic components will be 
necessary on extended missions. This includes recycling of carbon dioxide and carbon 
monoxide, a methodology that is not currently available or even recognized as being 
viable in space. Atmospheric regeneration, namely, oxygen production, has not had any 
fundamental breakthroughs in technology since the early 1960s. This is clearly an area 




Current methods may be adapted for use over greater periods of time. However, the 
limited waste management methods in use today must be greatly expanded and made 
more efficient. Nearly all waste must be used to grow a food supply or for fulfilling other 
material requirements. Waste recycling, which includes carbon dioxide and carbon 
monoxide removal, removal of bodily waste functions, and recycling of biologic 
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 to reduce the cost of space travel. NASA is working in this area and the information 




Any habitable space must have a means of managing robots, which is very limited in 
current habitat and robotics systems. This issue has been addressed extensively in 




These techniques must be applied to a living space where machines and humans coexist, 
as developed in earlier chapters. All factors mentioned in Chapter 3 must be considered 





Caring for (maintenance of) machines becomes increasingly demanding over extended 
periods of time. Human health care challenges increases  due to the longer time periods 
during which astronauts will be unable to return to Earth in the event of a medical 
problem that cannot be easily treated on board a spacecraft. Medical capabilities are 
advancing rapidly, especially in the areas of diagnostics and surgical procedures, and will 
continue to do so due to major funding from the National Institute of Health (NIH).  
 
NASA must anticipate the medical needs of astronauts from an information technology 
perspective to make use of these advances. For instance, developing capable robots with 
highly-refined tactile capabilities will allow them to perform the necessary medical tasks 
either autonomously or nearly autonomously. This type of advance is essential given the 
delays in deep space communications.  
 
Parts on demand 
 
Development of an approach to fabricate parts is being investigated in other agencies 
such as DOD. This should be considered for potential introduction into spacecraft for 
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 PRIORITY TECHNOLOGY INVESTMENTS 
 
• Habitable atmosphere – NASA must ensure monitoring sensors and technologies 
are readily available over long duration missions including those for oxygen 
concentration, and impurity detection and removal.  
• Communication – as discussed in previous chapters between human and robot, 
and robot to robot. 
• Human health – meaning the ability to diagnose, determine needed actions, and 
perform actions. 





Without telemedicine, shelter, atmospheric regeneration, waste removal, and food 
production, it is unlikely that humans will be able to travel on long missions and 
ultimately return safely. Since the Apollo missions and the height of the Navy’s nuclear 
submarine fleet deployment, there has been minimal investment in closed-system life 
support functions such as oxygen generation, water purification and recycling, carbon 
dioxide and carbon monoxide control, and atmospheric cleansing of other impurities. 
Additionally, since these earlier space missions and Naval programs, there has been 
essentially no work performed on the issue of food supply regeneration. For long-
duration space missions (one year or greater), food regeneration from human waste and 
other byproducts of living is a necessity and more work must be conducted in this area. 
The committee understands that work is ongoing in many of these areas in NASA and 
emphasizes, once again, the critical nature of the technologies addressed in this report as 
they relate to these areas.  
 
To successfully enable these capabilities, NASA must provide an appropriate level of 
information technology infrastructure, the existence of which is often simply assumed. 
However, to the personnel creating the infrastructure, the requirements are non-trivial. 
For instance, reliable hardware and software systems, fault tolerant computing, evolvable 
hardware and software systems will impact the technologies required for mission 
functions: telemedicine, shelter, atmospheric regeneration, waste removal/recycling, and 











METHODOLOGY FOR MAINTAINING 




THE CICT CHALLENGE 
 
 
The Statement of Work (Appendix B) specifically asks the committee to address the all-
important question of how to maintain and refresh a technology investment portfolio.  
Question 5 under Section II of the Statement of Work specifically asks: 
 
What sustainable process should NASA establish to ensure an optimal 
investment strategy and technology portfolio that takes into account the 
dynamic changes in NASA’s requirements as well as external research 
investments? 
 
This question is a perennially challenging issue and often a point of frustration for 
program managers. Once a program investment portfolio is established, no matter how 
carefully crafted, it must be watched carefully and updated at regular intervals if the 
overall program investment is to remain relevant in a rapidly changing technological 
world. The purpose of this chapter is to propose a process that helps define, monitor, and 
refresh a technology portfolio in an environment expected to change as a result of 
mission requirement changes and as new technologies are discovered and developed. 
 
Updating the technology investment portfolio so that it is current will be difficult for the 
new organization formed from the CICT program in light of the hard-driving, application 
and mission-oriented approach that NASA is embracing in the quest for the Moon. As 
discussed in the Introduction to this report, lack of a basic research portfolio may prove 
troublesome. It is not possible to plan a 20-year research effort up front and decompose 
the plan into small incremental steps, where, at each step, the research can be driven 
clearly by immediate objectives. Indeed, one should expect false starts and dead ends. 
One should tolerate some level of duplication in order to provide competitive approaches; 
and one should work on promising long-term goals. A recent National Research Council 
(NRC) report4 cited a requirement for investment in basic research, at least at a minimal 
level, since such investment will serve as the “seed corn” from which future innovation 
springs. This committee concurs with the NRC conclusions. Also, the committee has not 
seen evidence of the emerging NASA program addressing these issues and the committee 
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4 Washington DC. National Research Council (NRC). Letter Report to Dr. Richard Wlezien, Program Manager, 
Vehicle Systems Program, Aerospace Technology Enterprise, NASA. Aeronautics and Space Engineering Board, 2004.  
 encourages NASA to address the important need for basic research if it has not already 
done so.5 
 
Even given this cautionary note, the committee endorses a process that embraces strong 
mission-oriented decision criteria provided that it has a sufficiently long timeline. As the 
Introduction explains, a strong, mission-driven approach will invigorate both NASA and 
the nation by establishing new and challenging space exploration goals. The committee 
thus offers its guidance here to help the evolving CICT program invest their technology 
funds wisely and in ways that will allow the technology portfolio to evolve smoothly and 
effectively. 
 
A SUSTAINABLE PROCESS 
 
In many ways, it seems antithetical to human nature to embrace continuous change. The 
theory of paradigm shifts and the human instinct to resist change can conflict with 
technology portfolio investments. By the process outlined here, technology portfolio 
management is the management of positive, continual change where projects are created, 
reviewed, continued, reoriented, or cancelled with equal bias and at any given time. It is 
important to emphasize at the start that the cancellation of a project is not necessarily a 
negative event and is often required as part of the, metaphorically speaking, birth-life-
death cycle of portfolio management. However, where death has certain finality to it, the 
cancellation of a project may instead positively help NASA down-select between 
competitive options (e.g. solution 1 may be safely eliminated from possible solutions 1, 
2, and 3). Project and task cancellations also allow for resources (e.g. financial and 
facilities) to be concentrated where most needed to meet mission goals. Finally, such 
cancellations may also redirect the efforts of talented NASA staff to bring their world-
class capabilities to bear on important and timely topics. 
 
Considerable effort needs to be expended initially to establish a process to define the 
goals, capabilities, competencies, technologies, staff, and funding that are needed to meet 
the requirements of future NASA missions. Additionally, any process that meets this 
challenge must be sufficiently flexible to allow ready termination or modification of the 
supported technologies as missions change and new technologies are discovered, both 
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and NASA, of which the committee is unaware. 
 Setting Goals and Identifying Required Technologies 
 
It is assumed that a process must be put in place to establish a clear vision and long-term 
investment goals. This process must involve upper management who possess knowledge 
of what may feasibly be developed in a realistic time frame. The process should include 
some assessment that relies on internal as well as external expertise. An outline of the 
process is: 
1) Definition of the vision and long term goals; 
2) Identification of the “Grand Challenges” that need to be met to accomplish the 
goals;  
3) Identification of essential organizational capabilities6; 
4) Identification of the technologies needed to realize capabilities; 
5) Identification of the core competencies that exist in-house and external to NASA; 
6) Identification of the technology gaps (e.g. missing technologies that may be 
critical to reach top-level goals); 
7) Decisions to develop necessary new core competencies as revealed by gap/needs 
analysis in-house or whether to out-source these critical competencies. 
  
Following the definition of goals it is first imperative that upper management establish 
the major challenges ("Grand Challenges" that have the largest magnitude impact on 
missions and/or goals) with appropriate input from relevant personnel in mission program 
centers and on external advisory teams. These challenges should represent the major 
technical paths that must be faced or developed to meet the goals set by top management. 
Secondly, fundamental long-term research should be encouraged and well-managed when 
it is clearly motivated by the long-term goals of NASA and the “Grand Challenges.” 
 
Thirdly, capabilities, competencies, and technologies need to be identified and prioritized 
to meet these goals and “Grand challenges.” This report addresses many issues that need 
to be taken into account when selecting these technologies, so this section will not 
elaborate on the selection process. An important point to keep in mind, however, is that 
this process requires input and agreement from:  
 
1) Technologists who are familiar with a given technology’s potential within the 
required time frame (e.g. knowledge as to a particular technology’s rate of 
advancement); 
2) Outside specialists who bring an independent perspective on the topic (individuals 
with expertise that NASA may lack); 
3) NASA upper management. 
 
Identifying these individuals is a non-trivial task, one the discussion of which is beyond 
the scope of this report. In summary however, the selection of these individuals should 
naturally be done carefully, with attention to potential conflicts-of-interest and to the 
seniority and technical performance of the participants (e.g. senior-level experience for 
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 broad goals and operating practices, balanced by a working knowledge of the most 
current technology from less senior, technical experts).  
 
In selecting the technology portfolio, future missions and their accompanying goals must 
be considered, even when those missions may not be well defined. Their definition may 
require input from technologists who have a proven record of anticipating and analyzing 
technology progress within the time frame planned for these future missions. It is 
important, and requires considerable talent, to identify promising technologies that should 
be supported in anticipation of meeting future mission requirements. 
 
While NASA and the worldwide space industry have developed a conservative approach 
to the introduction of new technologies into space, with considerable justification, NASA 
should support the development of new and advanced technologies. If not done, the 
inventory of technologies needed to support future missions and to reduce costs may not 
be readily available. Thus, management needs to show a willingness to support the 
development of stretch technologies, those technologies that have a higher risk of 
technical failure but large benefit if successful. This support should include the 
establishment of stretch challenges for their organizations.  An example of such research 
is the area of nanotechnology for sensors specific to the NASA missions. Such challenges 
enable an organization to attract and keep quality personnel. Continued support also 
ensures that management, as well as the scientists and engineers, follow advanced 
technical work in progress at worldwide universities and research organizations, with the 
hopeful result that missions can be supported early and with reduced costs. 
 
Once technologies are identified, realistic objectives must be established for each selected 
technology. Also, as discussed below in the context of the review process, special 
emphasis needs to be directed to the identification of technology gaps – those areas in the 
technology portfolio that lack technologies which may be critical to reach top-level goals. 
The technology portfolio needs to be managed as a total system that ensures all aspects of 
a mission’s technologies are met – which includes both hardware and software – where 
developments move rapidly and disciplines improve.  
 
Core Competencies: In House Versus Outsourcing 
 
NASA top management must determine the core competencies (e.g. skills, technologies, 
facilities) necessary to accomplish the NASA goals. The question of which core 
competency should be developed in-house to NASA, versus those that should be 
contracted out, has a direct and meaningful impact on a technology portfolio’s cost 
effectiveness and quality. This decision should be made based on a competitive bidding 
process to determine the optimal supplier, in terms of criteria such as cost, performance, 
and probability of success. Competencies determined by NASA as fundamental to 
mission success and which are not available from reliable outside suppliers should be 
funded and developed internally. Management may decide, in some cases, that certain 
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To make the correct decision between in-house versus out-of-house suppliers for any 
given required technology, the core competencies of the entire in-house management, 
organizational structure, facilities, and, most importantly, its people, need to be 
determined. A thorough audit of these core competencies, with external oversight and 
advice, should be performed on a regularly scheduled basis. Based on previous personal 
committee member experience with the Office of Naval Research and other similar 
public and private organizations, the committee suggests a three-year review cycle for 
core competencies for a given organization. 
 
This externally advised approach is contrary to traditional NASA protocol in which core 
competencies are generally, although not always, identified from within. In this instance, 
however, the committee strongly advises the use of an external review process to provide 
ongoing assessment of the state of NASA organization (program, center, enterprise) core 
competencies (see “Reviews” below). While NASA research centers have focused on 
their support of core competencies and are justifiably proud of the output, it is imperative 
that such audits take place. Regular audits will ensure support is given only to the 
technologies that are viewed as critical and relevant to NASA’s future and to ensure that 
these technologies are being developed at the appropriate location.  
 
It is likely that, at times, a core competency will be identified as comprised of people and 
projects at a NASA center that may produce exceptional work, but in which the core 
competency is not required for a specific mission, and in which a technology match does 
not occur. In such cases, the committee asserts that the core competency should not be 
maintained unless another mission is identified as able to make use of the core 
competency in question. If an ineffective or irrelevant core competency is maintained, it 
will drain resources (talent, funds, and facilities) from the core competencies required for 
mission success. Such a decision to remove a non-viable core competency will require an 
enlightened management with technological expertise that is willing to make the difficult 
decision of terminating good work on an annual basis.  
 
While the focus of this report is on the CICT programs, it must be recognized that 
NASA’s charter includes Space Science, Earth Science, Biological and Physical 
Research, Aerospace Technologies, Space Flight, and Education. Inasmuch as is possible, 
core competencies should be selected and organized to encompass several of these areas. 
An example of this is nanotechnology-based research on sensors having application to 
space, Earth and aerospace needs. Focused, NASA-specific research is expected to have a 
significant payoff. Such research is essential to the NASA services of the future and 
presumably may ultimately be supported exclusively by NASA. Otherwise, it will not be 
funded elsewhere, leaving NASA with vital gaps in their competencies portfolio and with 












Reviews, regardless of how unpleasant and time consuming they may be, are essential to 
maintaining a fresh, viable technology investment portfolio. Reviews not only help a 
program manager evaluate his or her decisions, but reviews also bring in new information 
about external technologies and have the potential to increase the external impact of 
NASA efforts. The committee recommends that NASA engage in two broad review 
types. 
 
Core Competency Review 
 
Once core competencies have been established, reviews should be conducted once every 
three years. The core competency review should include an assessment of the technical 
capabilities of the group in question (e.g. simply because a group considers itself the 
world expert does not make it so) as well as an assessment of the links between the 
identified core competency and NASA’s top-level goals and missions. 
 
Individual Project Technical Quality Review 
  
Technical quality reviews should filter down through a specific program and apply to all 
involved projects, most especially at the primary investigator (PI) task level. Each task at 
the PI level should be reviewed yearly to assess the effort’s technical quality. Such 
reviews will allow NASA to:  
• Provide accolades for well-executed jobs and justification for continued work as 
appropriate; 
• Provide guidance on course corrections as needed; 
• Cancel a project or task if called for. 
  
The evaluators for such reviews should be sufficient in number, should be diverse, and 
should be free from conflicts of interest. The majority of reviewers on any given review 
team should originate from outside NASA. It is imperative that the review process 
assesses, and makes determinations on, the level at which an advanced technology effort 
is supported, both with an adequate number of competent scientists and engineers and 
also with facilities.  
 
In the case of the core competency review, there is no doubt that reviewers will discover 
required technologies that are not covered by in-house work. NASA will then have to 
make decisions as to how to fill the technology gaps. A competitive bidding process will 
allow the comparison of in-house versus out-of-house suppliers. A new in-house effort 
may require recruiting and hiring appropriate technologists and providing them with the 
necessary facilities. Inexorably, technology gaps will be identified that can be obtained 
only by supporting university faculty and student research to guarantee the future 











Technology portfolio management is not a trivial task. There is no mathematical formula 
that yields the best portfolio. However, the process described here will yield positive 
results. This is a process that: 
 
• Identifies capabilities /competencies /technologies necessary to support future 
missions and goals; 
• Determines through a competitive bidding process the best source of these 
competencies/capabilities/technologies; 
• Establishes annual audits and reviews, supported by appropriate documentation. 
 
It is only with regular, appropriate reviews, supported by both NASA and non-NASA 
personnel that programs can be evaluated objectively so that new technologies can be 
identified and subsequently inserted into the programs that address the “Grand 
Challenges.” Emphasis needs to be placed on the involvement and input from non-NASA 
personnel. Such people can provide an external perspective free of NASA cultural biases. 
They can also provide external technical and organizational expertise. Otherwise, 
technically competent NASA technologists can be distracted from their vitally productive 
















THE NASA COMPUTING AND COMMUNICATIONS 




DR. MICHAEL J. ZYDA, Chair, is the Director of the University of Southern California 
(USC) Viterbi School of Engineering's GamePipe Laboratory, located at the Information 
Sciences Institute, Marina del Rey, California. He is also the Associate Director of the 
USC Integrated Media Systems Center. From Fall 2000 to Fall 2004, he was the founding 
director of The MOVES Institute, located at the Naval Postgraduate School (NPS), 
Monterey, California. Dr. Zyda is also a Professor in the Department of Computer 
Science at NPS, and is on extended leave to form the USC GamePipe Laboratory. From 
1986 until the founding of the MOVES Institute, he was the Director of the NPSNET 
Research Group. Professor Zyda's research interests include computer graphics, large-
scale, networked 3D virtual environments, agent-based simulation, modeling human and 
organizational behavior, interactive computer-generated story, modeling and simulation, 
and interactive games. He is a pioneer in the fields of computer graphics, networked 
virtual environments, modeling and simulation, and defense/entertainment collaboration. 
He holds a lifetime appointment as a National Associate of the National Academies, an 
appointment made by the Council of the National Academy of Sciences in November 
2003, awarded in recognition of “extraordinary service” to the National Academies. He 
served as the principal investigator and development director of the America’s Army PC 
game funded by the Assistant Secretary of the Army for Manpower and Reserve Affairs. 
Dr. Zyda took America's Army from conception to three million plus registered players 
and hence, transformed Army recruiting. Professor Zyda began his career in Computer 
Graphics in 1973 as part of an undergraduate research group, the Senses Bureau, at the 
University of California, San Diego. Dr. Zyda received a B.A. in Bioengineering from the 
University of California, San Diego in La Jolla in 1976, an M.S. in Computer Science 
from the University of Massachusetts, Amherst in 1978 and a D.Sc. in Computer Science 
from Washington University, St. Louis, Missouri in 1984. 
 
DR. WAYNE S. BOOK is the HUSCO/Ramirez Distinguished Chair in Fluid Power and 
Motion Control, and Professor at Georgia Tech in Atlanta, Georgia. Dr. Book has 
maintained a long-standing interest and activity in robotics, automatic controls, and in the 
special topic of his Ph.D. thesis, the control of flexible motion systems. He was 
instrumental in the formation of the Computer Integrated Manufacturing Systems (CIMS) 
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 several hundred graduate students in the Colleges of Engineering and Computing and in 
the Ivan Allen College. He served as the founding director of the CIMS program from 
1983 to 1988. The research Dr. Book has engaged in clusters around topics well suited to 
the laboratory he has named the Intelligent Machine Dynamics Laboratory. He has a 
long-standing interest in improving the capabilities of flexible robot arms. In conjunction 
with numerous graduate students and visiting scholars, Dr. Book has explored many 
aspects and approaches to expand the envelope of the robotic design space to create 
lighter, faster, and more precise motion systems. The application of control to intelligent 
machines is especially exciting to Dr. Book in this era of ever-improving computer 
capabilities. Dr. Wayne Book received his Ph.D. from the Massachusetts Institute of 
Technology in 1974. He became a fellow of the American Society of Mechanical 
Engineers in 1993 and received the Society’s Dedicated Service Award in 2003. 
 
DR. CHANDRIKA KAMATH is a computer scientist at Center for Applied Scientific 
Computing at the Lawrence Livermore National Laboratory, where she has led the 
Sapphire Project in large-scale scientific data mining since 1998. Specifically, her 
research investigates the practical applications of large-scale data mining and pattern 
recognition, image processing, feature extraction, dimension reduction, and classification 
and clustering algorithms. Prior to joining LLNL in 1997, Chandrika was a Consulting 
Software Engineer at Digital Equipment Corporation (DEC), developing high 
performance mathematical software for DEC Alpha systems. She was responsible for the 
design, implementation, optimization, and parallelization of the sparse linear system 
solvers in the Digital Extended Math Library (DXML). Dr. Kamath earned her Ph.D. in 
1986 and her M.S. in 1984, both in Computer Science, from the University of Illinois at 
Urbana-Champaign. She has filed six patents in data mining, and co-edited the book on 
Data Mining for Scientific and Engineering Applications, which was published in 2001. 
 
DAVID KASIK is a Boeing Technical Fellow. He is the geometry and visualization 
architect for Boeing Commercial Airlines. His responsibility extends throughout 
commercial airplane design, building, and maintenance processes. He is currently 
bringing applications to the factory based on wireless connectivity. Recently, Mr. Kasik 
acted as the technical architect for the Single Glass project. Single Glass is a unified 
system that makes over 1,000 applications available to 6, 000 workstations in Puget 
Sound. The project required carefully designed system architecture to insure scalability 
and extensibility. As the geometry and visualization architecture, he routinely capitalizes 
on his user interface and graphics background. Mr. Kasik has been a key developer of the 
underlying technology needed for 3D graphics and to improve human-computer dialog 
sequences through user interface management systems. In his role as Exposition Chair for 
advanced technology exhibits for Association for Computing Machinery (ACM) and the 
Special Interest Group in Computer Graphics (SIGGRAPH), he has become familiar with 
a broad range of innovative computing technology. He is the Chair of Battelle Pacific 
Northwest National Laboratories Information Technology Peer Review Committee and a 
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 Computer Graphics. He received a Bachelor’s degree in Quantitative Studies from Johns 
Hopkins and a Master’s in Computer Science from the University of Colorado.  
 
DR. ALFRED U. MACRAE is President of Mac Rae Technologies. He is a consultant 
on communications satellite technology and systems and telecommunications equipment 
for customers that include satellite manufacturers, satellite system operators, 
communications equipment developers, and investment bankers. Prior to this activity, he 
was Director of AT&T Skynet Satellite Communications Laboratory, with responsibility 
for AT&T satellite technology, including satellite service development, satellite ground 
equipment development, satellite design and development, and oversight of satellite 
manufacture, test, launch, and operations. And prior to the satellite responsibility, he was 
Director of the Advanced Integrated Circuit Laboratory in Bell Labs, with responsibility 
for the development of SIC fabrication technology and circuit design and their transfer 
into manufacturing. Honors include: Elected member of the National Academy of 
Engineering; Fellow, American Physical Society; Fellow, Institute of Electrical and 
Electronic Engineers; Scientific Member, Bohmische Physicalische Society; 1994 IEEE 
J. J. Ebers Award for contributions to integrated circuit technology; over 50 papers 
published in refereed technical journals; over 100 talks at professional society meetings 
and universities; and 18 patents including a high revenue generating patent that was 
singled out for special AT&T recognition. He serves on several IEEE committees as well 
as on the Executive Committee of the Electron Devices Society.  
 
DR. ROBERT W. PALMATIER is currently researching and teaching business 
marketing at Northwestern University in Evanston, Illinois. Mr. Palmatier is also 
president of Argo Consulting Group, Inc., which assists technologically focused 
companies with developing effective business strategies. He retired from industry in 2000 
as the President and Chief Operating Officer of C&K Components, Inc., in Watertown, 
Massachusetts. With revenues of 110 million dollars, the company develops, 
manufactures, and markets electro-mechanical switches across North America, Europe, 
and Asia. They are the second largest manufacturer of electronic switches in the United 
States. Prior to C&K, Mr. Palmatier worked for Raychem Corporation where he served as 
General Manager of the European PolySwitch Division, Director European Commercial 
Sales, Director of Worldwide Marketing, Director of Worldwide Strategic Planning, and 
North American Sales and Marketing Manager among other positions. He has also served 
onboard nuclear submarines as a Lieutenant in the United States Navy and is a licensed 
Professional Electrical Engineer. Mr. Palmatier holds a Bachelor’s and Master’s in 
Electrical Engineering from Georgia Institute of Technology, an MBA from Georgia 
State University, and a Ph.D. from the University of Missouri. 
 
DR. FRED E. SAALFELD is currently a Senior Research Fellow at the Potomac 
Institute for Policy Studies in Washington, DC. Dr. Saalfeld’s long and distinguished 
career began when he joined the Naval Research laboratory (NRL) in 1962, where he 
conducted and directed research in physical chemistry. After numerous promotions 
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 Department in 1982 and the Associate Director of ONR in 1985. From 1987 until 1993 
Dr. Saalfeld was Director of ONR, responsible for the Navy's basic research effort and 
the Navy's corporate laboratory, NRL. In 1993, Dr. Saalfeld was appointed Technical 
Director of ONR and Deputy Chief of Naval Research, where he was responsible for the 
Navy and Marine Corps science and technology program, including basic research, 
exploratory and advanced technology development conducted in federal and private 
laboratories, academia, and industry. Dr. Saalfeld retired from ONR in January 2002.  
 
In 1986, President Reagan conferred on him the Presidential rank of Meritorious 
Executive; in 1989, President Bush conferred on him the Presidential Distinguished 
Executive Rank; and in 1996, President Clinton conferred on him the Presidential 
Distinguished Executive Rank for a second time. Other awards include the Department of 
the Navy Meritorious, Superior and Distinguished Civilian Service Awards, the 
Department of Defense Distinguished Civilian Service Award, Southeast Missouri State 
University Alumni Merit Award, and the Captain Robert Dexter Conrad Award, the 
Navy's highest award for scientific achievement. Washington Technology named him one 
of the area top technologists in 1989. The Federal Executive Institute selected him as 
Federal Executive of the Year in 1991. Upon his ONR retirement, The Chief of Naval 
Research established The Fred E. Saalfeld Award for Lifetime Achievement in Science 
and presented the first award to Dr. Saalfeld 
 
Dr. Saalfeld received his B.S. degree cum laude in Chemistry, Physics and Mathematics 
from Southeast Missouri State University in 1957, and his M.S. and Ph.D. degrees in 
Physical Chemistry and minors in Inorganic Chemistry and Mathematics from Iowa State 
University in 1959 and 1961. 
 
DR. MARC SNIR is the Michael Faiman and Saburo Muroga Professor of Computer 
Science and head of the Computer Science Department at the University of Illinois at 
Urbana-Champaign since fall of 2001. Until August 2001 he was a senior manager at the 
IBM T. J. Watson Research Center where he initiated and led the IBM Blue Gene project. 
Previously, he led the Scalable Parallel Systems research group and was responsible for 
major contributions to the IBM SP scalable parallel system: architecture, parallel 
operating environment, message-passing libraries, tools, parallel file system, parallel 
algorithms and applications. Dr. Snir is an ACM Fellow, and IEEE Fellow. He is on the 
editorial board of Parallel Processing Letters and ACM Computing Surveys. 
 
DR. WILLIAM TOLLES is the former Associate Director of Research for Strategic 
Planning for the Naval Research Laboratory (NRL), Washington, DC. Currently in 
private consulting practice and an advisor to academic research centers internationally, 
Dr. Tolles is well known for his contribution to "state of the science and technology" 
assessments in nanostructured materials. He obtained the Bachelor of Arts degree (Cum 
Laude) from the University of Connecticut at Storrs, a Ph.D. from the University of 
California, Berkeley, and completed his Postdoctoral Fellowship at Rice University. He 
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 served as Assistant, Associate, and Full Professor of Chemistry (1962-1984). He also 
served as the Dean of Research and Dean of Science and Engineering (1977-1984) at the 
Naval Postgraduate School before being appointed Superintendent of the Chemistry 
Division at the Naval Research Laboratory, Washington, DC. His professional research 
interests include; nanoscience/nanotechnology, MEMS, non-linear optical spectroscopy, 
microwave properties of materials, molecular spectroscopy, molecular orbital 
calculations, microwave spectroscopy, and electron spin resonance. He has published 
over 50 scholarly papers.  
 
F. GORDON WILLIS is the founder and President of Vulcan Works, LLC, which 
specializes in the implementation of high performance software systems that dramatically 
reduce time and cost of product development. Prior to founding Vulcan Works, he 
worked at Ford Motor Company from 1976 until 1999. During his time at Ford, he served 
as Chief Engineer for a number of different departments within Ford Motor Company, 
including automatic transmission engineering, vehicle engineering at the Small and 
Medium Vehicle Center, automotive chassis engineering, and as the Director for Product 
and Manufacturing Systems for car product development. 
 
 
KEY POTOMAC STAFF 
 
MICHAEL S. SWETNAM is the Chief Executive Officer of Potomac Institute for 
Policy Studies. He assisted in founding the Potomac in 1994. Since its inception, Mr. 
Swetnam has served as Chairman of the Board and currently serves as CEO. From 1994 
until the fall of 2001, he served as the President of the Institute. Mr. Swetnam has 
authored and edited several books and articles including: Cyber Terrorism and 
Information Warfare, a four volume set co-edited with Professor Yonah Alexander by 
Oceana Publishers 1999; Usama bin Laden's al-Qaida: Profile of a Terrorist Network, 
co-authored with Yonah Alexander, Transnational Publishers, 2001; and ETA: Profile of 
a Terrorist Group, co-authored with Yonah Alexander and Herbert M. Levine, 
Transnational Publishers, 2001.  
 
Mr. Swetnam is currently a member of the Technical Advisory Group to the United 
States Senate Special Select Committee on Intelligence. In this capacity, Mr. Swetnam 
provides expert advice to the U.S. Senate on the R&D investment strategy of the U.S. 
Intelligence Community. Mr. Swetnam also currently serves on the Defense Science 
Board supporting the task force on Counting Terrorism and the task force on Intelligence 
support to the war on terrorism. Mr. Swetnam served as a Special Consultant to President 
Bush's Foreign Intelligence Advisory Board (PFIAB) from 1990 to 1992 where he 
provided expert advise on Intelligence Community issues including budget, community 
architecture, and major programs. He also assisted in authoring the Board's assessment of 
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 Prior to forming the Potomac Institute for Policy Studies, Mr. Swetnam worked in private 
industry as a Vice President of Engineering at the Pacific-Sierra Research Corporation, 
Director of Information Processing Systems at GTE, and Manager of Strategic Planning 
for GTE Government Systems. Prior to joining GTE, Mr. Swetnam worked for the 
Director of Central Intelligence as a Program Monitor on the Intelligence Community 
Staff (1986-1990). Mr. Swetnam was responsible for the development and presentation to 
Congress of the budget of the National Security Agency and helped develop, monitor, 
and present to Congress the DOE Intelligence Budget. Mr. Swetnam was also assigned as 
the IC Staff representative to intergovernmental groups that developed the INF and 
START treaties. He assisted in presenting these treaties to Congress for ratification. 
Collateral duties included serving as the host to the DCI's Nuclear Intelligence Panel and 
Co-Chairman of the S&T Requirements Analysis Working Group. Mr. Swetnam served 
in the U.S. Navy for 24 years as an active duty and reserve officer, Special Duty 
Cryptology. 
 
DR. DENNIS K. MCBRIDE is President of the Potomac Institute for Policy Studies, a 
Washington think tank specializing in science and technology policy. Currently serving 
also as Vice President for Research (acting) Dr. McBride continues to lead nationally-
focused technical programs, including significant support to DARPA, the Office of Naval 
Research, the National Science Foundation, the National Academy of Sciences, and 
private industry. Dr. McBride is also an adjunct Research Professor at the Krasnow 
Institute for Advanced Study, George Mason University. He served previously as 
Executive Director, Institute for Simulation and Training, University of Central Florida, 
and as Professor (with dual appointments in the Department of Industrial Engineering and 
Management Systems, College of Engineering and Computer Science, and in the 
Department of Psychology, College of Arts and Sciences). Dr. McBride completed a 20-
year career at the grade of Captain, Medical Service Corps, as a Naval Aerospace 
Experimental Psychologist, and flight test engineer. Captain McBride served at six Navy 
laboratories, as Program Officer for Biomedical S&T at the Office of Naval Research, 
and as Program Manager (simulation technology) at the Defense Advanced Projects 
Research Agency. Professor McBride’s formal education includes enrollment at the 
University of Georgia, University of Southern California, and the London School of 
Economics. He earned the Ph.D., three Master’s of Science degrees, and an M.P.A. Dr. 
McBride was a summer scholar at the Santa Fe Institute. He holds professional 
credentials from the Board of Certification in Professional Ergonomics, and in 
Professional Modeling and Simulation. Dr. McBride is Vice President of the Policy 
Studies Organization, Editor of the Review of Policy Research, and is a member of 
several editorial boards, including the International Journal for Human Computer 
Interaction, and is Associate Editor, Human Nature Review. Dr. McBride has received 
numerous awards and military decorations including the Defense Superior Service Medal 
and the Legion of Merit. Among his civilian awards is the L.P. Coombes Medal, 
presented by the Australian Institution of Engineers. He has published and presented 
more than 125 scientific papers, technical reports, and book chapters in the fields of 
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 engineering science, operations research, complexity science, political science, 
economics, and public policy. 
 
MAJOR GENERAL WILLIAM A. WHITLOW, Potomac Institute’s Chief Operating 
Officer, began his military career upon graduation from college in 1971. He served as a 
U.S. Marine for 32 years. During his service as a Marine, he was assigned to various 
operational units, as well as tours of duty at the United States Air Force Academy, the 
Department of State, Office of Secretary of Defense and as the Director for Expeditionary 
Warfare for the Chief of Naval Operations. Since retirement from military service, he has 
served as Vice President and Deputy General Manager for Tactical Services Division for 
the Titan Corporation. He also served In the Senior Executive Seminar fellowship at 
Harvard, as well as Seminar Twenty-one Strategic Studies fellowship with MIT. In 
addition to a Bachelor’s degree, he holds graduate degrees in Strategic Studies, 
Contracting Management, and International Relations. 
 
JACQUELINE GRAVELL is the Deputy Vice President, Research and Analysis 
Division, at Potomac Institute for Policy Studies. She served a twenty year career with 
the United States Navy as an active duty officer, information professional. Her 
responsibilities spanned a variety of aspects of technology management and operations 
including: network operations; prototype development and deployment; operational 
testing; software development and support; security; research and studies; acquisition 
oversight of DOD and Navy command, control, computer, and intelligence (C3I) 
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NASA is currently undergoing major changes based upon the new vision, “A 
Renewed Spirit of Discovery” established by the President of the United States. Its 
goals and objectives are to advance the U.S. scientific, security, and economic 
interests through a robust space exploration Program. To support these goals, the 
U.S. and NASA will implement plans to return to the moon by 2020, and to 
prepare for human exploration to Mars and beyond. The new vision and goals have 
inspired NASA to realign itself and add a new Space Exploration Enterprise to its 
organizational structure. The activities under the Computing, Information and 
Communications Technologies (CICT) Program, formally within the Aerospace 
Technology Enterprise, now fall within the new Space Exploration Enterprise. 
With the announcement of the President’s space exploration vision and this 
organizational change, there is an interest in re-evaluating the driving NASA 
computing, information, and communications requirements in support of NASA’s 
implementation of the President’s space exploration vision.  
 
The goal of the CICT Program is to:  
 
Enable NASA’s scientific research, space exploration, and aerospace technology 
missions with greater mission assurance, for less cost, and with increased science return 
through the development and use of advanced computing, information and 
communications technologies 
 
To address this goal, the CICT Program has four current technical objectives.  
 
Objective 1: Goal-Directed systems 
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 collaboratively with humans in a goal-directed manner to achieve NASA’s twenty-first 
century mission/science goals, including:  
 
• Robotic exploration of deep space; 
• Combined human-robotic exploration of Mars; 
• Safe and cost effective operation of the Space Shuttle and follow-on launch 
vehicles;  
• Use of Earth-orbiting satellites to establish cause and effect relationships 
associated with such important phenomena as global warming. 
 
Objective 2:  Seamless access to NASA information technology resources 
 
The CICT Program will enable seamless access to ground-, air-, and space-based 
distributed hardware, software, and information resources to enable NASA missions in 
aerospace, Earth science, and space science. 
 
Through this seamless access to NASA assets, scientists and engineers will be able to 
focus on making new discoveries in science, designing the next generation space vehicle, 
controlling a mission, or developing new concepts for the National Airspace system 
rather than on the details of using specific hardware, software, and information resources.  
 
Objective 3: High rate data delivery   
 
The CICT Program will enable broad, continuous presence and coverage for high rate 
data delivery from ground-, air-, and space-based assets directly to the users. 
 
High rate data delivery is an enabling technology for NASA’s twenty-first century 
missions, including:  
 
• The Space Flight Enterprise missions requiring multi-gigabit Internet-based 
communications in near-Earth orbit.  
• The Space Science Enterprise missions requiring high rate communications from 
scientific spacecraft traveling to our outer planets and beyond in addition to intra-
planetary networks for surface exploration.  
 
Objective 4: Strategic Research 
 
The CICT Program will research, develop, and evaluate a broad portfolio of fundamental 
information and bio/nano-technologies for infusion into future NASA missions. 
 
Many of the missions in NASA’s future will rely on technologies that are new and 
dramatically different from those in current practice today. The challenges of deep space 
exploration, hostile environments, and remote science create a need for new technologies 
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 reliable software, and reconfigurable computing and information technologies. CICT 
provides a vehicle to identify the technologies that may be employed to accomplish 
NASA's missions of the future, and to explore them as possible solutions to the 
challenges provided by increasingly complex mission requirements. 
 
The ITSR project within CICT provides a technology incubator where high-risk, high-
payoff, and long-range technologies are identified, explored, developed, verified, and 
transferred to other parts of the Program, as well as other Office of Aerospace 
Technology programs and other Enterprise programs. This is a project where a number of 
related and unrelated technologies can be explored simultaneously, and evaluated for 
suitability for further development either as spin-off projects or as technologies that may 
be transferred to other research areas within the Enterprise. 
 
To realign to the future, the CICT Program needs to match and contrast their 
respective technology development portfolios with the state-of-the-art and 
emerging directions of technologies that are in alignment with this new vision. To 
develop the appropriate portfolios of required technology development activities, 
CICT plans to assess the current state of technologies in academia, industry, and 
government, and to develop a gap analysis capability as a part of their overall 
technology portfolio management strategy. 
 
II. Task Objective 
 
The Potomac Institute for Policy Studies will form a committee to assess the 
current state of technology development within academia, other government 
agencies, and industry, as it relates to NASA’s information technology activities 
and space exploration information technology requirements. This activity is in 
support of defining the information technology requirements from the Space 
Exploration Enterprise, as well as the broader set of NASA activities supporting 
the President’s Exploration Vision as it relates to the CICT program.  
 
This task shall address the following primary questions. 
 
1) What are the enabling and highly enhancing technology requirements 
needed to meet NASA’s space exploration science and engineering goals 
by 2008, 2015, and beyond? 
2) When will these technologies need to be ready for infusion (TRL 6) to meet 
NASA’s space exploration needs by 2008, 2015, and beyond? 
3) What are the current and future investments in the areas determined by 
questions 1 and 2, both external and internal to NASA, and how can NASA 
leverage these investments to best meet NASA’s space exploration’s 
needs? 
4) What are the key technology gaps into which NASA should invest to meet 
NASA’s space exploration’s needs after evaluating the answers to 
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 5) What sustainable process should NASA establish to ensure an optimal investment 
strategy and technology portfolio that takes into account the dynamic changes in 











The Role of Nanotechnology in the NASA Human and Robotic 




Nanotechnology is the study, creation, characterization and utilization of novel 
materials, devices and systems through control and manipulation of matter on the 
nanometer length scale (1-100 nanometers). It includes the exploitation of understanding 
novel phenomena and properties (e.g. physical, chemical, biological, mechanical, 
electrical, etc.) at that length scale. Scientists and engineers anticipate that these 
nanoscale studies will result in the development of materials, devices, and systems with 
dramatically novel properties that will have application to virtually every sector of the 
economy. Results to date indicate that nanotechnology has had an impact on the 
production of stronger composites and coatings, materials less permeable to gases, and on 
the production of novel magnetic, optical, and electronic structures and materials. The 
present strong emphasis on research and early development is expected to: 
 
• Have an eventual impact on the fabrication of extremely dense integrated circuits; 
• Result in the fabrication of lighter and stronger structural materials with 
widespread applications;  
• Influence the creation-by-design of materials. 
 
 These advances are expected to result in new sensors, optoelectronics devices, 
magnetics, energy conversion and storage techniques, food production, and the 
availability of advanced health care techniques and products. Nanotechnology is regarded 
worldwide as one of the 21st century’s key technologies. 
 
The NASA 2003 Strategic Plan7 stated that, “Emerging fields such as biotechnology, 
information technology, and nanotechnology hold great promise for opening the frontier 
of space, and NASA will lead the way in their development and application.” This 
enthusiasm for nanotechnology was supported by significant research investment and 
activity in nanotech-related work. For example, in 2003 NASA invested approximately 
$35M in nanotechnology efforts, with some additional related effort in different centers. 
This support has included funding the NASA Ames Center for Nanotechnology8 as well 
as a number of NASA University Research Engineering and Technology Institute 
programs including Nanotechnology (University of California, Los Angeles), 
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 Nanotechnology Sensing and Electronics (Texas A&M University) and Nanotechnology 
Materials (Princeton University). Regular nanotechnology workshops have taken place at 
the Ames Center. At the most recent, The National Nanotechnology Initiative (NNI) 
Grand Challenge Workshop9 in August, 2004, NASA Ames Center Director G. Scott 
Hubbard said, "Future advances in nanotechnology could have a significant impact on 
space exploration by increasing capability and decreasing weight, which reduces cost. 
The future of nanotechnology has great potential and NASA is pleased to be on the 
cutting edge of its development."  
 
One approach to this development has been the creation of partnership agreements 
between NASA and industry to pursue innovative nanotechnology research for the 
development of advanced aerospace systems. The most recent is the partnership between 
the Ames Research Center and the Lockheed Martin Advanced Technology Center. 
However, with the recent realignment of NASA's priorities and programs, much of this 
nanotech-related effort is under review and the contributions to revised objectives are 
being examined in great detail. 
 
As a result of President Bush’s January, 2004 announcement of his “Vision for Space 
Exploration,” a new policy and strategic direction for the U.S. civil space program, 
NASA created or realigned several of its major programs.10  This process included 
creating the Human and Robotic Technology (H&RT) theme; this critical foundation of 
knowledge and technologies necessary to achieve the Vision goal will be a sustained and 
affordable human and robotic program to explore the solar system and beyond. The 
H&RT theme ($1.1 billion) created five new programs by bringing together several major 
ongoing programs containing cross-cutting technologies.11  One of the largest of these 
programs, the Advanced Space Technology Program (ASTP) ($359 million) integrates 
and realigns current projects from the former Mission and Science Measurement 
Technologies (MSM) Theme (FY2004 budget $467 million) within which a significant 
amount of nanotechnology research was undertaken. 
 
The ASTP addresses space technology development from technology readiness levels 
(TRL) two through five, with the goal of exploring innovative concepts and advancing a 
range of high-leverage technologies. However, it is unlikely that nanotech-related 
research (TRL 1 – basic research) will be directly funded under the ASTP umbrella, 
unless that nanotechnology is currently incorporated into more applied research. As a 
result of a broad agency announcement (BAA) in July, 2004 to solicit research and 
technology development proposals in support of ASTP, 354 notices of intent (NOIs) were 
recommended for full proposal. Of these, approximately ten of the full proposals will 
contain nanotech-related research (an assumption based on the available list of NOI 
                                                          
9 The National Nanotechnology Initiative Grand Challenge Workshop. Homepage.   
 <http://nasagrandchallenge.arc.nasa.gov/index.html>. 
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 titles). This small number suggests a significant drop in allocation of NASA resources for 
nanotechnology. 
 
As a result of the MSM theme realignment, a full review took place in 2004 of ongoing 
activities in the three MSM programs, the Computing, Information, and Communications 
Technologies (CICT) Program, the Engineering for Complex Systems (ECS) Program, 
and the Enabling Concepts Technology (ECT) Program. The largest of the three 
programs was the CICT program, which heavily supported the Ames Center for 
Nanotechnology. Changes to the CICT program could conceivably have a significant 
impact on nanotechnology and on related basic research within NASA. 
 
This section discusses current nanotechnology research at NASA, highlights 
technological areas relevant to the H&RT theme that may be impacted by 
nanotechnology developments, reviews the international perspective, and suggests 
strategies for NASA to exploit global developments in nanotechnology to ensure the 
success of its “Vision for Space Exploration.” 
 
CICT-SUPPORTED NANOTECHNOLOGY WORK 
 
Most of the CICT-supported nanotechnology research is at TRL 1 and falls into two 
categories 1) the preparation of carbon nanotubes (CNTs) and their applications 2) 
bionanotechnology.12 A brief review of this work indicates some areas of interest to 
NASA for nanotech-based applications. 
 
Carbon nanotubes  
 
Fundamental research on carbon nanotubes has been undertaken at the NASA Ames 
Research Center in imaging, sensing, and electronics. In particular, fabrication techniques 
for using CNTs as interconnects for integrated circuits have been developed, gas 
adsorption onto CNTs has been studied for possible application as a nano gas 
chromatograph for atmosphere analysis, and a CNT-based nanopore is being explored for 




DNA and protein-based nanocomputers are in development and the use of self-assembled 
proteins structures have been engineered to build ordered arrays of quantum dots for 
nanoscale electronic circuits and photonic sensors. A significant component of the CNT 
research above, such as the nanopore work, is funded as bionanotechnology. Other 
related work includes CNT-based electrochemical detection technology for DNA and the 
development of nanotube biosensors for detection of cancerous molecular signatures. 
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The majority of the CICT nano-related research aims to create new nanomaterials, 
nanoelectronic components and devices, or to prove the feasibility of nanotechnology-
based chemical and biosensors. This focus has led to the development by the Ames 
Center for Nanotechnology,13 within which much of the above work is done, of a 
nanotechnology roadmap for NASA. The limitation of this roadmap is that it focuses 
exclusively on the research at the Ames nanotech center (CNTs/bionanotechnology). This 
roadmap and associated component roadmaps are publicly available for download from 
the Ames Center for Nanotechnology website.14 
 
In addition, Dr. M. Meyyappan, Director of the Center for Nanotechnology, and others 
have made a number of presentations on the opportunities and challenges in 
nanotechnology, with particular reference to space-related applications. The potential use 
of nanotechnology in a wide variety of space-related applications is well represented in 
the conclusion of the 2003 report on Nano and Bio Technology Research at NASA 
Ames:15 
 
Nanotechnology - in its various forms such as nanoelectronics, 
nanoelectromechanical systems, ultrasmall and highly sensitive 
sensors, multifunctional materials, biologically inspired materials, 
systems and architectures, and possibly many others scientists have not 
yet thought of - is expected to play a strong and critical role in future 
space transportation and exploration. 
 
CURRENT APPLICATIONS THAT WILL IMPACT NASA TECHNOLOGY 
 
Before suggesting that nanotechnology will provide solutions to the many problems 
associated with space technology, one must first consider the rationale behind using 
nanotechnology as a potential solution. Materials commonly exhibit poorer physical 
properties than expected as a result of molecular (nano) and meso scale defects. For 
example, electrically conducting polymers prepared by the common chemical 
polymerization methods generally have poor conductivities as a result of branched 
polymer chain formation (poor nano-structuring) and poor chain packing in the polymer 
film (poor nano/meso-structuring). Controlled chemical synthesis of the polymer gives 
near perfect chain formation and improves the conductivity of polymer films by an order 
of magnitude; although, poor chain packing introduces material defects and still limits 
conductivity. Manipulation of chain packing through crystallization improves 
conductivity on another level. Undoubtedly, nano-structuring or molecular manufacturing 
of such a conducting polymer would provide polymer materials with superior 
conductivity. 
                                                          
13 NASA Ames Center for Nanotechnology. Homepage. <http://www.ipt.arc.nasa.gov>. 
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In contrast, the discovery and development of other allotropes of carbon fullerenes and 
carbon nanotubes in the last 20 years show that excellent progress has been made in less 
rigorous approaches to building materials based on laboratory discovery, as opposed to 
being planned a priori by upper management. Carbon nanotubes in particular have 
dramatically changed the face of nanotechnology; nanotube research is undertaken in 
almost every facet of nano-related work, from nanomaterials, to nanoelectronics, to 
nanomedicine. One result is the discovery that nanotubes possess unusual mechanical 
characteristics, being 50 times stronger than steel on the molecular level and as stiff as 
diamond, as well as having outstanding thermal and electrical conductivities. Given the 
importance of these properties in space applications, a significant component of the 
NASA nanotechnology research effort has thus focused on nanotubes research.16 
 
As implied above, nanotechnology can be applied at various levels to the development of 
new applications. At the most fundamental level, manufacturing at the nanoscale could 
produce an array of nanodevices such as nanoprobes, chemical and biochemical 
nanosensors, nanoelectronic and optical devices, and a wide variety of new 
nanomaterials, all of which would significantly impact space applications. However, 
given that the fundamentals of such manufacturing remain undeveloped, it is unlikely that 
such technologies will be incorporated into the next Lunar landing or space exploration 
program. On another level, a large number of traditional materials have been re-
engineered at the nanoscale to give nanomaterials new and innovative properties. These 
nanomaterials can then be incorporated into traditional devices to improve the device 
performance or be used as templates in developing entirely new materials for different 
applications. And, at a third level, the top-down nanostructuring of traditional materials, 
such as silicon, leads to significantly enhanced functionality and efficiency. This 
approach is most evident in the electronics industry and highlights what can be 
accomplished by merging traditional science, technology, and engineering with 
nanotechnology. Thus, despite the promotion of nanotechnology based on the proposed 
fantastic benefits of nanobots, nanoprobes, and similar devices, the potential of this 
rapidly-evolving science and technology is found not just in the longer term “nanodevice 
world,” but remains integral in the development of macroscale materials and 
technologies. The future of nanotechnology in space applications must then incorporate 
this perspective. 
 
A number of recent major reports have discussed the implications and impacts of 
nanotechnology for the immediate and long-term future, and, although little direct 
reference has been made to space applications of nanotechnology, much of what is 
written has implications for future space technology.17, 18, 19, 20 The following brief 
                                                          
16 Johnson Space Center Nano Materials Project. Home page. <http://mmptdpublic.jsc.nasa.gov/jscnano/>. 
17 MC Roco, WS Bainbridge (eds). “Societal Implications of Nanotechnology.” National Science Foundation, March 
 2001. <http://www.wtec.org/loyola/nano/societalimpact/nanosi.pdf>. 
18 S Wood, R Jones, and A Geldart. “The Social and Economic Challenges of Nanotechnology.” Economic & Social 
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 discussion of nanotechnology application areas that could impact NASA technology 
focuses on current nanotechnology research and its applications, rather than on 
undeveloped future possibilities. The areas discussed have also been chosen to broadly 
mesh with the critical capability requirements for the next NASA missions, such as 
advanced light-weight structural materials, the ability of robots to operate autonomously, 




This area of nanotechnology sees the highest level of commercial activity and 
nanomaterials have the greatest short-term space application potential. Typically, using 
nanomaterials involves the production of nanostructured materials that range from 
inorganic and organic amorphous or crystalline nanoparticles, nanocolloids and 
suspensions, to nanostructured carbon compounds such as carbon nanotubes. All material 
classes (e.g. metals, semiconductors, glass and ceramics, polymers, and composites) can 
be produced with nanostructured configurations. The optical, electronic, magnetic, 
catalytic, or mechanical characteristics of the nanostructured materials can be adjusted 
specifically, broadening the potential for numerous space applications. 
 
The nanoparticulate form of traditional materials is in highest demand in today’s 
nanomaterials markets.21 For example, titanium dioxide nanopowders applications 
include thermal coatings, environmental catalysts for water treatment, or auto emissions 
and paints.22 Titanium dioxide nanoparticles are also of major significance for future, 
lightweight energy technology, as they are key to the dye-sensitized solar cell (DSC), the 
third generation solar cell technology that provides a technically and economically 
credible alternative to present day p-n junction photovoltaic devices.23  While current 
DSC technology is glass-based, numerous research efforts are underway to develop 
lightweight flexible DSCs, which could be used as large area solar collectors in space or 
on planetary bases.24 
 
Nanosys is also developing flexible solar cells which are able to self-assemble 
nanostructured inorganic semiconductors onto flexible substrates.25  The same 
nanostructure control of inorganic semiconductors allows them to integrate light emitting 
diodes (LEDs) into flexible electronics to create non-volatile memory. Nanoparticle size 
control also provides quantum dots (QDs) and nanocrystals of semiconducting materials 
                                                                                                                                                                             
Opportunities and Uncertainties. 2004. <http://www.nanotec.org.uk/finalReport.htm>. 
20 National Research Council, Air Force Science and Technology Board (AFSTB). Implications of Emerging Micro 
 and Nanotechnology. The National Academies Press, December 2002.  
21 A Bernard. “Handful of Industries at Leading Edge of Nano Commercialization.” Small Times. Home page. July 29, 
 2003. <http://www.smalltimes.com/document_display.cfm?document_id=6424>. 
22 J Fried. “Dupont Buys IP for Nanomaterial Seen as Hot in Cosmetics, Coatings.” Small Times. Home page. July 17, 
 2002. <http://www.smalltimes.com/document_display.cfm?document_id=4173 
23 M Gratzel. “Conversion of Sunlight to Electric Power by Nanocrystalline Dye-Sensitized Solar Cells.” Journal of 
 Photochemistry and Photobiology, A: Chemistry 164 (2004): 3-14. 
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 whose optical and electronic properties vary with size. Many other research groups and 
companies produce quantum dots from a wide variety of semiconductor material, creating 
applications in quantum computing, photonic switching, optical signal conditioning, 
mode-locking lasers, radiation detection, and biological fluorescent tagging.26,27,28 
 
Other nanoparticles have the potential to radically transform energy production. 
Nanonickel, produced by QuantumSphere, Inc.,29 is a possible platinum replacement that 
could potentially reduce the cost of hydrogen PEM fuel cells production by 75%, as well 
as more efficiently store and generate new sources of power in a wide variety of other 
industries. QuantumSphere also produces nanoaluminium for improved propellants and 
advanced munitions.30 
 
Military applications drive many developments in nanomaterials research. MetaMateria31 
is developing windows for infrared sensors on missiles and aircraft using yttria 
nanoparticles, since infrared light passes through yttria. This is one of many attempts to 
utilize nanomaterials to make aircraft windows and canopies stronger and lighter,32 an 
important goal in space applications. 
 
US Global Nanospace Inc.33 (USGN) has also tapped into the defense market with its line 
of nanofiber filters and G-Lam ballistic materials that can stop .50 caliber, armor-piercing 
projectiles. In development at USGN are additive-based polymer modifiers which use 
nanoparticles and/or nanofibers to provide specific material enhancements such as impact 
resistance, anti-microbial properties, UV protection, surface modification, and extreme 
temperature resistance, all of which could have space applications. 
 
NanoSonic,34 a company that has received Small Business Innovative Research (SBIR) 
program funds from the Defense Advance Research Projects Agency (DARPA), the U.S. 
Air Force, the Ballistic Missile Defense Organization (BMDO), NASA, the National 
Science Foundation, and the National Institute of Standards and Technology (NIST), has 
developed electrostatic self-assembly (ESA) processing that allows the ultra-uniform 
formation of multiple, nanometer-thick layers of material into functional films and bulk 
materials. The result of this process are highly elastic and highly electrically conductive 
metal-rubber materials. Potential applications of these materials include use in 
electrostatic materials, conducting adhesives, electromagnetic shielding, printed circuit 
boards, flex circuits, flexible electronics, artificial nerves, antistatic clothing, as 
                                                          
26 J Cox. “A Quantum Paintbox.” Chemistry in Britain 39 (2003): 21-25. 
27 H Lee. “Mighty Small Dots.” Lawrence Livermore National Laboratory. Home page. 
 <http://www.llnl.gov/str/Lee.html>. 
28 Evident Technologies. Home page. <http://www.evidenttech.com:80/>. 
29 Quantum Sphere, Inc. Home page. <http://www.qsinano.com/>. 
30 V Marx. “Nanotech’s First Line of Defense.” Chemical and Engineering News. Home page. October 25, 2004. 
 <http://pubs.acs.org/cen/nanofocus/top/8243/8243defense.html> 
31 MetaMateria Partners. Home page. <http://www.metamateria.com/>. 
32 C Stuart. “Prospects for Nanomaterial Windows Take Flight.” Small Times. Home page. August 3, 2004. 
 <http://www.smalltimes.com/document_display.cfm?document_id=8193>. 
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 electrodes on high strain sensors and actuators, and in aircraft structures, most of which 
would be useful in space technology. 
 
The use of spray-coated nanoparticles to create ceramic nanocoatings is being developed 
by Inframat, which has demonstrated the often-surprising nanoscale-level effects of these 
hard, but elastic, ceramic coatings.35  Funding from agencies like NASA shows that these 
coatings may have application in a variety of harsh environments, such as on the surfaces 
of submarines or in the hot sections of jet engines and turbines. 
 
As NASA researchers have recognized, carbon nanotubes represent one of the leading 
nanomaterial contenders for space application. Nanotube use ranges from single 
nanotubes functioning as molecular probes or microscopy tools, to the development of a 
wide variety of composite materials.36  Given their outstanding mechanical, thermal, and 
electronic properties, one of nanotube researchers’ primary goals has been the creation of 
a usable nanotube fiber. Fiber applications could include the replacement of copper wire, 
and the development of super-strong fabrics and materials. Recently, collaborative 
researchers from the University of Pennsylvania, Rice University and the firm Carbon 
Consultations have reported the first, large-scale manufacture of fibers composed solely 
of single-walled carbon nanotubes. The team used a conventional solution-spinning 
technique to create fibers around 100 µm in diameter.37  
 
The high conductivity of carbon nanotubes makes them ideal for conducting composites. 
Nanotube composites have been used to electrostatically apply paint onto car 
components, and as antistatic shielding on aircraft wings and fuselages. This can have a 
direct impact on dust mitigation technologies for both the Moon and Mars. A huge 
market exists for transparent electronic conductors, an area in which carbon nanotubes 
have also found application.38,39 
 
Research chemists are now learning to apply nanoscience principles to produce many 
new nanomaterials in such diverse areas as conducting polymers and biopolymers. For 
this reason, the National Nanotechnology Initiative (NNI) approached the Chemical 
Industry Vision 2020 Technology Partnership, a seven-year-old industry and professional 
organization coalition that brings together industry, academia, and government on 
collaborative research and development to assist in the evaluation of nanomaterial 
development issues.40  The partnership led to a nanomaterial research and development 
roadmap workshop in 2002. The report from their 2002 workshop, "Chemical Industry 
Research and Development Roadmap for Nanomaterials by Design: From Fundamentals 
to Function," outlines a research strategy and research and development priorities for 
                                                          
35 Nanoelectronics Planet: The Center for Nanoelectronics Business. Home page. 
 <http://www.nanoelectronicsplanet.com/features/article/0,4028,6571_1435381,00.html>. 
36 J Robertson. “Realistic Applications of CNTs.” Materials Today October (2004): 46-52. 
37 LM Ericson et al. “Macroscopic, Neat, Single-Walled Carbon Nanotube Fibers.” Science 305 (2004) : 1447-50. 
38 C Park et al. Chem. Phys. Lett. 364 (2002): 303. <http://www.eikos.com>. 
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 developing, manufacturing, and using nanomaterials. NASA could profit from 





From both a “top down” and “bottom up” perspective, nanotechnology has an impact on 
electronics, optoelectronics, and information and communication technologies. Thus, 
Intel recently announced that they used the world's most advanced 65 nm process 
technology,41 to create static random access memory chips with more than half a billion 
transistors. In contrast, IBM has developed carbon nanotubes transistors that outperform 
the leading silicon prototypes.42   
 
Carbon nanotubes have been examined extensively for possible impact in the area of 
nanoelectronics. Recently, researchers at the University of Florida and others in Hungary 
have developed a nanotube-based electric field–activated optical modulator, an optical 
analog to the nanotube-based field effect transistor, a device that may find application in 
spacecraft thermal control. The basis of this device is a transparent conductive carbon 
nanotube film, which could have a wide variety of other electronic and optoelectronic 
applications. 
 
A variety of advances by researchers and nanotech-oriented companies alike exist in the 
area of memory technology. For example, Axon Technologies Corporation has produced 
nanostructured programmable, metallization cell non-volatile memory technology, which 
has superior performance but is very stable, uses low voltage and very low current, and 
can be integrated easily into computer chip semiconductor manufacturing methods.43  
Using the technology developed for one of the main tools of nanotechnology, the atomic 
force microscope, IBM demonstrated that 1000 silicon cantilevers can be constructed in a 
three mm-square field and individually controlled to give a data storage density of a 
trillion bits per square inch – 20 times higher than the densest magnetic storage available 
today.44 While flash memory is not immediately expected to surpass one to two gigabytes 
of capacity, this millipede technology could pack 10 to 15 gigabytes of data into the same 
format, without requiring additional device operation power. Physicists at Boston 
University have used electron beam lithography to nanofabricate switches out of silicon. 
These nano-sized devices are capable of functioning at densities that far exceed the 
physical limitations of electromagnetic systems and could retrieve information at speeds 
in the megahertz and gigahertz ranges. 
                                                          
41 Intel. “Intel Drives Moore’s Law Forward with 65 Nanometer Process Technology. Press Release. August 30, 2004.  
 <http://www.intel.com/pressroom/archive/releases/20040830net.htm>. 
42 IBM. “IBM Creates Highest Performing Nanotube Transistors.” Press Release. May 20, 2002.  
 <http://www.ibm.com/news/us/2002/05/20.html>. 
43 Axon Technologies Corporation. Home page. <http://www.axontc.com/index.htm>. 
44 P Vettiger et al.“The ‘Millipede’ - Nanotechnology Entering Data Storage. IEEE Transactions on Nanotechnology 1 
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A number of companies are using nanotechnology for the development of field emission 
displays45 based on carbon nanotubes and which promise low cost, light, flexible 
displays. Similarly, ApNano Materials manufactures inorganic nanotubes for high- 
resolution flat panel displays.46 Inorganic nanotubes are considered to be on an ideal 
material for many nanoelectronic devices; in many cases they can be used to replace 
silicon and so have potential applications in semiconductor devices, sensors, biosensors, 
and nanomotors. 
 
In addition, many research teams are working to develop soft, flexible electronic 
technologies based on conducting fibers or on organic thin-film materials. Researchers at 
Nanosys have developed a low-cost, low-temperature process for fabricating high-
performance thin-film transistors on flexible substrates.47 The technology takes 
nanoelectronics in a new direction by exploiting nanomaterials not for electronic 
miniaturization, but for better and cheaper electronics over large surface areas.  
 
Bionanotechnology and Nanomedicine 
 
Bionanotechnology is concerned with the properties and applications of biological 
nanostructures, which may or may not involve non-biological materials. This area offers 
new opportunities in sensors, materials, communications, computing, intelligent systems, 
diagnostic and therapeutic technologies, human-machine interfacing, human 
performance, and self-reliance. It also provides the basis for nanomedicine using 
engineered nanodevices and nanostructures for the monitoring, repair, construction, and 
control of human biological systems at the molecular level.48 
 
Every aspect of biological function provides inspiration for nanotechnology research. 
Many natural materials demonstrate multiple properties not usually found in synthetic 
materials such as strength, flexibility and lightweight. These properties come about as a 
result of nature’s integration of inorganic and biological materials from the “bottom up.”  
The philosophical principle for utilizing molecular manufacturing through self-assembly 
to create functional nanomaterials and devices has its roots in our increasing 
understanding of the natural world. The differentiation in nanotechnology activity 
implied by the concept of bionanotechnology is misplaced, given that increasingly, the 
solutions to nanostructuring materials, molecular electronics, or molecular sensing will 
result from biomaterial and synthetic material integration. 
 
Therefore, the understanding of basic biochemical and biophysical processes involved in 
biomolecular motors such as ATP-synthase, bionavigation systems, biosensing and 
                                                          
45 C Stuart. “Nanotubes are Bidding for Star Billing on Big Screens.” Small Times. Home page. September 12, 2003. 
 <http://www.smalltimes.com/document_display.cfm?document_id=6612>. 
46 AnNano Materials. Home page. <http://www.apnano.com/>. 
47 X Duan, C Niu, V Sahi, J Chen, JW Parce, S Empedocles, and JL Goldman. “High-Performance Thin-Film 
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 communication systems, DNA and protein assembly, muscle action, photosynthesis and 
related bioenergy, conversion systems, and neural network and nervous systems will 
dramatically impact the development of diverse technologies for space systems, such as 
energy production for space vehicles and habitats, robotic design, human and robotic 
sensing and interfacing, navigation systems, and health monitoring and therapeutic 
systems. As a result, bionanotechnology is more highly regarded than other aspects of 
nanotechnology for its longer-term impact on space developments. 
 
Much current bionanotech-related research focuses on the development of bioconjugated 
nanomaterials and their use in biosensing and assays. Thus, manufacturers produce 
quantum dots conjugated to proteins, to antibodies, and to a variety of other biomaterials 
for use in the detection and assay of biological materials.49  Recently, a team of 
University of Florida researchers created bioconjugated dye-sensitized silica 
nanoparticles able to detect a single E. coli bacterium in twenty minutes.50  High speed, 
sensitive diagnostic systems are essential for reducing astronauts’ medical risks. 
 
One of bionanotech-related research’s most important contributions is in the area of 
sensing. Many animals provide extraordinary examples of sensing capabilities, such as 
those seen in snakes’ heat sensing, owls’ nighttime vision, moths’ pheromone detection, 
dogs’ olfactory ability, and spiders’ vibration detection. Although such sophisticated 
sensing has yet to be replicated through bionanotechnology, significant advances have 
been made in this area. Nanosight Ltd has developed a method using artificial antibodies 
to synthetically reproduce the process by which the human body detects a virus. Such a 
method could offer early warning indicators of biological attacks.51  For almost a decade, 
the Oak Ridge National Laboratory has conducted research on biosensors and 
bioreporters for the detection of bacteria, and for monitoring the environment and a 
variety of bodily functions.52  Sensing will be of major importance for autonomous robot 
operation in space as well as in the monitoring of human condition and environment. 
 
Nanotechnology applications in medicine could be profound and extremely important for 
monitoring human performance and condition in space. The importance of this is 
recognized by the NASA Biological and Physical Research (BPRE) Enterprise budget 
increase in FY2005. Bionanotechnology could contribute significantly to human space 
survival. 
 
                                                          
49 Quantum Dot. Home page. <http://www.qdots.com/live/index.asp>. 
50 X Zhao, LR Hilliard, SJ Mechery, Y Wang, RP Bagwe, S Jin, and W Tan. “A Rapid Bioassay for Single Bacterial 
Cell Quantitation Using Bioconjugated Nanoparticles. Proceedings of the National Academy of Sciences 101 (2004): 
15027-15032. 
51 AZoNanotechnology. Home page. “Nanosight Receive £1m in Funding to Develop Bio-Terrorism Detection 
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 NATIONAL NANOTECHNOLOGY INITIATIVE 
 
In January 2000, the White House announced the National Nanotechnology Initiative 
(NNI) intended to coordinate Federal work on the nanoscale. The Nanoscale Science, 
Engineering and Technology (NSET) Subcommittee was established the following 
August to implement the NNI. NSET is a component of the National Science and 
Technology Council’s (NSTC) Committee on Technology (CT), which is composed of 
senior-level representatives from the Federal Government’s research and development 
departments and agencies. NSET provides policy leadership and budget guidance for this 
and other multi-agency technology programs. NASA has two representatives on this 
committee. 
 
Seventeen Federal agencies and departments participate in the initiative and fund the NNI 
projects; 65% of the funding supports academic research, but a substantial portion 
promotes partnerships between researchers and private enterprise. Under the direction of 
the NNI, more than 100 nanoscience and technology centers and networks of excellence 
have been funded. NNI explicitly seeks to create opportunities for interdisciplinary work 
that integrates the traditional disciplines of materials, physics, chemistry, and biology. 
The estimated NNI budget in 2004 is $961 million with a 2% increase to $982 million 
requested for 2005. 
 
In 2002, the National Research Council reviewed the NNI and made a series of 
recommendations, such as the increase of research and development investment on 
nanobiosystems, the invention and development of new instruments for nanoscience, and 
the improvement of interagency collaborations in nanoscale science and technology, 
particularly between the Department of Energy (DOE), the National Science Foundation 
(NSF) and the National Institutes for Health (NIH). The NNI responded by funding new 
areas in nanomedicine, energy conversion, and a number of other new areas in 2003. The 
long-term vision of the NNI is continuously evaluated through yearly strategic 
workshops. 
 
As part of its long term vision, the NNI has developed the following grand challenges 
that focus on nine specific research and development areas directly related to applications 
of nanotechnology: 
 
1) Nanostructured Materials by Design; 
2) Manufacturing at the Nanoscale; 
3) Chemical-Biological-Radiological-Explosive Detection, and Protection; 
4) Nanoscale Instrumentation, and Metrology; 
5) Nano-Electronics, -Photonics, and -Magnetics; 
6) Healthcare, Therapeutics, and Diagnostics; 
7) Efficient Energy Conversion and Storage; 
8) Microcraft and Robotics; 
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Research in these grand challenge areas aims to accelerate the transition from basic 
science to innovative technologies. Given that space developments and applications will 
likely benefit from research carried out in most of these areas, it is important that NASA 
retain its participation in the NNI and NSET subcommittee. 
 
Environmental and Health Hazards 
 
The environmental and health hazards associated with nanotechnology have become a 
major area of study. In 2004, agencies participating in the NNI funded an estimated $106 
million in research on health and environmental aspects of nanoscale materials. Research 
into how nanomaterials interact at the molecular and cellular levels and with the 
environment not only attempts to identify risk, but also possible benefits to human health 
and the environment; benefits might include improved detection and treatment of disease 
and disability and improved protection of the environment through innovations in 
pollution-sensing and remediation technologies. This research also contributes 
significantly to basic knowledge of biological and environmental interactions, knowledge 
which is fundamental to identify, understand, and prevent any potential risks associated 
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 INTERNATIONAL PERSPECTIVE 
 
The Nanotech Report 2004 (TNR2004) prepared by Lux Research demonstrated how 
nanotechnology affects every existing industry, from chemicals, textiles/apparel, 
computing and storage, to transportation, energy, power, healthcare and homeland 
security.53  These areas will all impact future space applications. 
 
Key findings in TNR2004 include: 
 
• Governments, corporations and venture capitalists will spend more than $8.6 
billion worldwide on nanotechnology research and development in 2004; 
• National and local governments worldwide will invest more than $4.6 billion in 
nanotechnology research and development in 2004; 
• The U.S. government will spend nearly twice as much on nanotechnology this 
year as it did on the Human Genome Project (HGP) in its peak year. In 2005, the 
National Nanotechnology Initiative will surpass the HGP on a cumulative basis; 
The U.S. has appropriated more than $3.16 billion to fund nanotechnology 
research and development since 2000 and is proposing $982 million in new 
funding for FY 2005; 
• Established corporations will spend more than $3.8 billion globally on 
nanotechnology research and development in 2004. 
 
Nanotechnology is one of the few areas of science and technology in which a number of 
countries invest as much money as the U.S. Therefore, a large number of significant non-
U.S. nanotech developments may have application to space technologies and may 
warrant investigation.  
 
In contrast to the U.S., the international nanotechnology focus is not greatly influenced 
by potential space technology applications. However, in 2001, the German Aerospace 
Centre commissioned a report on the applications of nanotechnology for space 
developments and systems.54  The report focuses primarily on European nanotechnology 
research endeavors. The report concludes that: 
 
The ANTARES study has identified a multiplicity of application potentials for 
nanotechnology in space both in the scientific as well as commercial range 
particularly within the fields of structure materials, energy generation and 
storage, data processing and storage, data communication (optical/EHF), sensor 
technology/instruments, life support systems, biomedical applications and 
thermal protection and control. Short-term implementations however will be 
rather an exception due to the high efforts required for space specification and 
qualification and the partially low technological maturity of nanotechnology 
                                                          
53 Lux Research. Home page. <https://www.globalsalespartners.com/lux/order.asp?retrysecure=1>. 
54 VDI Technology Center, Future Technologies Division “Applications of Nanotechnology for Space Developments 
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 developments. The actual innovation impulse of nanotechnology for space is to 





Nanotechnology potential for contributing to almost every aspect of the “Vision for 
Space Exploration” is significant. World-wide research on this subject covers numerous 
subjects, a number of which have potential applications specific to NASA. Although 
many nanotech-based developments are currently at the TRL 1 phase, sequestration and 
adaptation of these developments into NASA programs could rapidly move the 
technology to more advanced TRLs. NASA should remain current on worldwide 
advances in order to embrace space-specific development of these advances. 
 
Therefore, it is prudent for NASA to ensure that: 
 
• A significant, focused space-based and critical-mass nanotechnology research 
program be maintained by NASA to meet the need for maintaining a core 
competency in the basic research areas that affect future NASA capabilities and 
missions. Some examples include nanotechnology sensors for space systems, and 
high-strength, lightweight composites for space structures; 
• The nanotechnology research program should be based on a well-developed, 
H&RT-driven nanotechnology roadmap; 
• The research program focus on the utilization of nanotech developments in 
applications of critical capability for the H&RT program; 
• A core activity of the research program be the development and strengthening of a 
strong program. This will involve contributions to the research frontier in those 












Fact Finding Meeting Locations and Dates 
 
 
Location      Date (2004) 
 
Jet Propulsion Laboratory, Pasadena California  July 19 
Ames Research Center, Sunnyvale, California  July 20-21* 
NASA Headquarters, Washington, DC   October 12 
Jet Propulsion Laboratory, Pasadena California  November 1 




















ASTP  Advanced Space Technology Program 
BAA  Broad agency announcement 
BMDO Ballistic Missile Defense Organization 
BPRE  NASA Biological and Physical Research Enterprise 
CICT  Computing, Information, and Communications Technology (program) 
CNT  Carbon nanotube 
DARPA Defense Advanced Research Projects Agency 
DHS  Department of Homeland Security 
DOD  Department of Defense 
DOE  Department of Energy 
DSC  Dye-sensitized solar cell 
ECS  Engineering for Complex Systems Program 
ECT  Enabling Concepts Technology Program 
ESA  Electrostatic self-assembly 
GPS  Global Positioning System 
H&RT  Human and Robotic Technology 
HGP  Human Genome Project 
ISRU  In-situ resource utilization 
ISS  International Space Station 
IT  Information technology 
JPL  NASA’s Jet Propulsion Laboratory 
LAN  Local area network 
LED  Light emitting diode 
LEO  Low Earth orbit 
LPS  Lunar positioning system 
MER  Mars Exploration Rover 
MPS   Mars positioning system 
MSM  Mission and Science Measurement Technologies theme 
NASA  National Aeronautics and Space Administration 
NIH  National Institutes of Health 
NIST  National Institute of Standards and Technology 
NNI  National Nanotechnology Initiative 
NOI  Notice of intent 
NSET  Nanoscale Science, Engineering and Technology Subcommittee  
NSF  National Science Foundation 
NSTC  National Science and Technology Council 
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 PI  Primary investigator 
RF  Radio frequency 
RMS  Remote manipulator system 
SBIR  Small Business Innovative Research Program 
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